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 Mechanophores are force sensitive molecules that undergo productive chemical 
transformations under a mechanical force including color change, small molecule release, and 
cross-linking. Productive chemical transformations depend on the intrinsic molecular structure as 
well as the extrinsic environment of the mechanophore. On the molecular level, the 
mechanochemical activity is influenced by regiochemistry, electronic structure, ring strain, etc. 
Extrinsic factors that influence activity include environmental stimuli like temperature and applied 
stress, any phases that the mechanophore is covalently linked with, and other molecules or ions 
able to interact with the mechanophores. This dissertation investigates the influence of both 
intrinsic molecular and extrinsic environmental variables on two different color-changing 
mechanophores, mechanochromic spiropyran (SP) and recently developed naphthopyran (NP), in 
polymeric matrices. 
 First, the effect of force on the rate constants and activation energies for SP–merocyanine (MC) 
transition is characterized in bulk polymers. Under different values of a macroscopic tensile stress, 
the change in fluorescence intensity is measured, indicating the evolution of merocyanine. 
Assuming first-order reaction kinetics, both forward and reverse rate constants are obtained and 
corresponding activation energies are calculated. Above a threshold stress level, the potential 
energy surface for SP–MC transition is modified toward the ring-opened MC species. 
 The regiochemical effects on mechanical activity of SP and NP isomers are investigated in a 
polydimethylsiloxane (PDMS) matrix. For SP mechanophores, two known isomers are chosen and 
in situ fluorescence measurements are performed under tensile and shear activation. In contrast to 
simulation predictions, both isomers require similar threshold stress and strain for mechanical 
activation, indicating that the mechanophore activation in bulk polymeric materials is largely 
governed by the characteristic properties of the polymeric matrix. The regiochemical effect is 
further studied for six NP regioisomers, each with different pulling points on the naphthalene ring. 
Computational simulations predict that only two regioisomers are mechanochromic. Tensile 
testing of polymers containing these two regioisomers confirmed mechanochemical activity. 
However, one additional regioisomer, not predicted by simulation, also demonstrated 
mechanochromism in the experiments. The mechanical reactivity of the three active NP 
mechanophores is further investigated by measuring the absorbance change at different stress 
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values. The mechanical reactivity of NP mechanophores somewhat correlates with the orientation 
between the C–O pyran bond and the externally applied force. 
 Both SP and NP mechanophores are combined and cross-linked in the same PDMS matrix. In 
contrast to polymers incorporating one type of mechanochromic molecule, the PDMS with two 
mechanophores develops multiple color changes depending on the stress levels and deformation 
rate. 
 Finally, the mechanical activity of mechanophores functionalized at the interface between 
SiO2 particle and a polymer matrix is compared with that of mechanophores linked into bulk 
polymers. Asymmetrically functionalized SP mechanophores are designed for incorporation at the 
interfaces between the SiO2 particles and a poly(methyl acrylate) (PMA) matrix. Surface initiated 
living radical polymerization is performed to grow linear PMA from SP-functionalized SiO2 
particles. The active SPs activate (change color) in both solution and in a bulk polymer. Cross-
linked PMA is also prepared using cross-linkable SP-linked SiO2. Compared with the SP-linked 
only to the polymer, the interfacial mechanophores exhibit more efficient mechanical activation 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Mechanochemical reactions 
Chemical reactions can be driven by various forms of energies including heat, light, gravitational, 
electrical, sound, mechanical energy, etc. According to the literature by Takacs,1 Theophrastus of 
Eresus (371–286 B.C.), a student of Aristotle, may be the first person that discovered the chemical 
reaction driven by mechanical energy or mechanochemical reaction. His book De lapidibus (On 
Stones) states that native cinnabar (mercuric sulfide, HgS) was rubbed with vinegar in a copper 
mortar with a copper pestle yielding the liquid metal (Hg). Other mechanochemical reactions can 
also be traced in medieval literature from mining and metallurgical operations. Despite the long 
history of mechanochemistry, the definition of a mechanochemical reaction was very recently 
incorporated into the chemical literature.2 IUPAC gold book defines mechanochemical reaction as 
a “chemical reaction that is induced by the direct absorption of mechanical energy”.3 
Mechanochemical reactions can occur in polymer chains under shearing, stretching, and grinding. 
 Early studies of mechanochemical reactions in polymers mainly focused on the degradation of 
polymers and breaking of bonds by mechanical force.4 Staudinger reported a decrease in the 
molecular weights of polymers in response to mastication as a result of a mechanical rupture of 
the polymers.5 Kauzmann and Erying refined this idea and suggested that the molecular weight 
reduction resulted from homolytic carbon–carbon bond cleavage under mechanical force.6 Also, 
the rupture event was described with a gradually lowered Morse potential, which originates from 
the external force. In addition to bond scission reactions, some researchers investigated the 
promoting effect of mechanical forces on bimolecular dissociation reactions such as polyamide 
hydrolysis7 and polyolefin ozonolysis8. At first mechano-chemical reactions in polymers began 
with somewhat destructive viewpoints, while in recent years some creative researchers have 
applied the destructive mechano-chemical reactions into more productive applications. These 
achievements come with the development of mechanophores and the inclusion of those 





Mechanophores are force-sensitive molecular probes that contain a weak bond, a strained ring, or 
an isomerizable bond and selectively undergo scission or changes in conformation when stressed. 
Unlike degradation of polymers resulting in random chain scission, mechanophores undergo 
predictable chemical transformations under a mechanical force. Sometimes, these resulting 
chemical products exhibit significantly different properties compared to the original molecules 
that can be utilized for various applications. 
 
1.2.1 Mechanochromism 
Some mechanophores exhibit an optical change in reaction to the application of a mechanical 
stimulus such as changes in color or photoluminescence behavior. When these mechanophores are 
incorporated in a polymer, visible color changes occur under applied stress or strain. Table 1.1 
summarizes the mechanochromic molecules reported in the previous literatures.  
 Spiropyran (SP) is the most widely studied color-changing mechanophores, which undergoes 
a 6π electrocyclic ring opening reaction to generate a conjugated merocyanine (MC) species by 
the mechanical cleavage of the central spiro C–O bond. After the first demonstration of 
mechanically active SP in our group,9,10 several altered versions of SP were also demonstrated to 
be mechanophores.11-14 The absence of the electron-withdrawing nitro functionality in the SP 
chemical structures causes a loss of photochromic behavior under UV exposure, but no change in 
mechanochromic response.14 A sulfur-containing SP dye is also mechanochromic.15 Once this 
molecule is transformed into thiomerocyanine form by a mechanical force, the thiolate can further 
react with alkene to form an alkyl sulfide through a Michael addition pathway. Rhodamine-based 
spiro compounds have been incorporated into cross-linked polyurethanes16 or cross-linked 
poly(ethyl acrylate)17 and developed as mechano-chromic materials. 
 Similar to SP, naphthopyrans (NP) are well-known photochromophores that reversibly 
transform into colored MC species. Robb et al. investigated the mechanochemical activation of 
three NP regioisomers in bulk polymeric materials and found that only one regioisomer exhibits 
mechanochromic properties.18 
 Otsuka et al. synthesized diarylbibenzofuranone mechanophores that generate blue-colored 
radicals with a mechanical stimulus and evaluated in-situ polymer chain scission through an 
electron paramagnetic spectroscopy.19,20 Sijbesma et al. demonstrated that hexaarylbiimidazole 
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cleaved into highly colored triphenylimidazolyl radicals under pressure.21 Previously, the same 
group reported bis(adamantyl)-1,2-dioxetane mechanophores, which generates an electronically 
excited ketone moieties while stretching  mechanophores incorporated films.22 Blue light (420 nm) 
is emitted from the exited singlet state of adamantanone. This mechanically activated 
chemiluminescence can be tuned with different colors by energy transfer to various acceptors.  
 
Table 1.1. A list of mechanochromic molecules reported in the literatures. Force-sensitive bonds 





































































































































1.2.2 Mechanochemically-induced cross-linking 
The basic concept for the mechanochemical-induced cross-linking is shown in Figure 1.1a. A 
mechanical force induces the chain scission and the activation of mechanophores in the 
mechanophore-incorporated linear polymers. Then, cross-linkers (blue color) further react with 
the reactive functional groups generated from the mechanophores to form cross-linking networks. 
Ramirez et al. first realized this idea.24 They designed a copolymer consisting of butadiene units 
and gem-dibromocyclopropanes (gDBC) mechanophores. These mechanophores are known to 
undergo the mechanically triggered ring opening reaction and generate a 2,3-dibromoalkene that 
is susceptible to nucleophilic substitution. With the mechanophore-incorporated polybutadiene, 
divalent nucleophiles, dicarboxylates, were blended as a cross-linker. Both sonication and twin-
screw extrusion initiated force-induced cross-linking reactions and they observed the formation of 
ester bonds and increase in viscosity (Figure 1.1b). The same group reported the similar results 
with different mechanophore benzocyclobutene (Figure 1.1c).25 The mechanically generated 
ortho-quinodimethide participates in Diels-Alder reactions with bis(maleimide) and gelation was 
observed. 
 Kryger et al. and Robb et al. reported two different 4-membered ring mechanophores to 
generate reactive functional groups after sonication: A dicyano-substituted cyclobutane and β-
lactam.26,27 These mechanophores were transformed into cyanoacrylate or ketene functionality and 
successfully trapped with Michael donor or alcohol, respectively. Although these mechanophores 
have outstanding potential for self-healing due to their excellent reactivity, all of the activation 
tests were performed only in solution and enhancement or recovery of mechanical properties of 




Figure 1.1. (a) Schematic for mechanochemical self-strengthening idea. (b) Use of gem-
dibromocyclopropane mechanophores for force-triggered cross-linking. Photographic images 
showed the increased viscosity after cross-linking. (c) Use of benzocyclobutene mechanophores 
for mechanochemical strengthening. Formation of white chunks was observed after sonication. 
Figures adapted from 24,25. 
 
1.2.3 Mechanogenerated catalysts or small molecules 
Latent catalysts can be activated by a selective bond scission from a mechanical stimulus so that 
they are able to catalyze a reaction. Piermattei et al. synthesized silver(I) or ruthenium complexes 
of polymer-functionalized N-heterocyclic carbene ligands that exhibit force-induced cleavage of 
coordination bonds (Figure 1.2a).28 Once one of the metal—ligand bond dissociates, either 
transesterification or a ring-opening metathesis polymerization was achieved. Afterwards, the 
same group demonstrated the mechanical activation of latent metathesis catalyst in the solid state, 
subsequent in situ catalyzed polymerization and cross-linking reactions (Figure 1.2b).29 Other 
organometallic complexes can be applied to mechanochemically regulated catalysis. Wei et al. 
designed a mechanoresponsive polymer containing platinum—acetylide complex in the center of 
the polymer chain (Figure 1.2c).30 They confirmed the mechanochemical activity of the platinum 
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complex using sonication method and the evidence of the hydrosilylation from the produced 
platinum catalyst. 
 Mechanical cleavage of covalent bonds can also result in release of small molecules. Boydston 
group proposed the mechanophore activation via bond bending motions (Figure 1.2d).31 As a 
model mechanophore, the oxanorbornadiene Diels-Alder adduct was incorporated into a cross-
linked polymer. Although mechanophores are not components of the elongated polymer main 
chain, bond “flexing” motions induced by applied force trigger the activation of mechanophore 
and generate furans. More useful small molecules can be released from refined design of 
mechanophores. Inspired by rearrangement reaction of 2,3-dihaloalkenes from a mechanical stress, 
Diesendruck et al. synthesized a gem-dichlorocyclopropanated indene mechanophore that 
undergoes elimination process to release protons after compression (Figure 1.2e).32 The released 
acid catalyst can be applied to de-protection, ester hydrolysis, and ring-opening polymerization. 
Nagamani et al. proposed an oxime sulfonate mechanophore that generates an acid constituent and 
has good thermal stability (Figure 1.2f).33 
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Figure 1.2. (a) Mechanochemical scission of a metal complex (purple), resulting in the activation 
of a latent catalyst. The activated catalysts trigger either esterification (i) or polymerization (ii) 
under sonication in the solution state. (b) A latent metathesis catalyst incorporated into a cross-
linked polymer. Compression generates active catalyst that can undergo further polymerization. 
(c) Mechanoresponsive polymers with the platinum-acetylide complex. Mechanically released 
platinum species catalyze the olefin hydrosilylation process. (d) Diels—Alder adducts that 
generate furans under compression. (e) gem-dichlorocyclopropanated indene mechanophores and 
acid release property through mechanical force assisted elimination process. (f) Oxime sulfonate 




1.3 Factors affecting mechanophore reactivity 
Polymer chains attached to a mechanophore are critical for transduction of mechanical force. 
Klukovich et al. showed that the structure of a polymer backbone affects the mechanophore 
activity.34 Using single-molecule force spectroscopy, the activation force for gem-
dihalocyclopropane mechanophores was quantified and compared when polynorbornene (PNB) or 
polybutadiene (PB) was attached (Figure 1.3a). Interestingly, the critical force drops by about 
one-third in PNB scaffolds relative to PB due to enhanced mechanical advantage from the 
cyclopentyl rings. In the bulk solid state, the mechanophore activation occurs when the stress 
exceeds the yield points of the matrix where polymer deforms plastically by chains sliding, 
stretching, rotating, and disentangling.35,36 Other external factors that increase the mobility of 
polymer chains also facilitate mechanophore activation. Beiermann et al. studied the effect of 
temperature and plasticizer on the SP mechanophores covalently linked to glassy poly(methyl 
methacrylate).37 Over a range of temperatures from 22 °C to 120 °C, they found out that no 
activation occurred if the polymer was too viscous or failed in a brittle manner without significant 
polymer flow (Figure 1.3b). Also, plasticizing with 15–20 wt% methanol allows the polymer to 
deform plastically so that mechanical activation of SP was achieved at room temperature. They 
hypothesize that enhanced mobility of polymers helps to rearrange the SP mechanophores and the 
polymer backbone along the direction of the applied force. As a follow-up study, they quantified 
the mechanophore orientation as a function of strain and proved that mechanophores aligned along 
the tensile direction were preferentially activated by force (Figure 1.3c).38 In cases of phase-
separated copolymers like segmented polyurethanes, the orientation of mechanophore-containing 





Figure 1.3. (a) Structure of gem-dihalocyclopropane functionalized polymers. Two polymer 
scaffolds, polynorbornene (PNB) and polybutadiene (PB), were studied. (b) Photographic images 
of SP-incorporated poly(methyl methacrylate) specimens after failure at different temperatures. (c) 
Fluorescence images and calculated order parameter of SP-linked polymers under tensile 
deformation. Figures adapted from 34,37,38 
 
 Changes to mechanophore structure significantly influence mechanochemical activation. 
Particularly, several results imply that regiochemisty of mechanophores has a great impact on their 
mechanical reactivity. Among three NP regioisomers, mechano-chromic behavior was observed 
from only one isomer that has relatively small angle between the applied force direction and the 
C–O pyran bond (Figure 1.4a).18 Similar to NPs, the mechanical reactivity of four regioisomers 
of furan/maleimide Diels–Alder adducts was also significantly varied in terms of how the 
“scissile” bonds (shown in red in Figure 1.4b) align with the force vector.41 Gossweiler et al. 
quantified the activation force of two SP isomers (SP1 and SP2 in Figure 1.4c) using single-
molecule force spectroscopy.42 While SP1 has a slightly higher force-free rate constant than SP2 
(8.5 × 10-6 and 1.8 × 10-6 s-1, respectively), its threshold forces for activation are on average about 
10% higher than those of SP2. In addition, computational simulation revealed appropriately 
directed tensile forces from the different geometrical constrains of mechanophores could facilitate 
or attenuate mechanochemical phenomena (Figure 1.4d).43 The electronic structure of 
mechanophores affects their mechanical reactivity. In the absence of external mechanical forces, 
the force-free activation energy (e.g., by thermal or photochemical activation) has generally been 
shown to be a good predictor of the force required to trigger a mechanical transformation.44 For 
instance, the ring-opening reaction of gem-dichlorocyclopropane requires a higher activation 
energy (by 4.5 kcal/mol) compared to gem-dibromocyclopropane, which is in agreement with the 
forces required for mechanical activation.34 Kryger et al. investigated the relative activities of 
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various cyclobutane mechanophores with different number of cyano substituents as well as 
cis/trans stereoisomers.45 Through ultrasonic irradiation of a molecular weight series of 
mechanophore-linked PMA polymers, they found out that statistically significant shifts in the 
threshold molecular weights for mechanochemical activation depending on the structure of the 
mechanophores (Figure 1.4e). 
 
 
Figure 1.4. (a) Geometrical evaluation of constrained NP regioisomers. The vector AB represents 
the direction of the applied force and the vector CD describes the C—O pyran bond. (b) Alignment 
of stretched intermediates of the four furan-maleimide isomers investigated with the corresponding 
force vector (double-headed arrows). (c) Representative single molecule force–extension curves 
of copolymers containing SP1 or SP2. (d) Computed changes in the activation energy for the 
cycloreversion of a Diels—Alder adduct using two different pulling points. (e) CoGEF energy, 
Fmax, and threshold molecular weights of cleavage for various cyclobutane mechanophores. 
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1.4 Thesis overview 
The goal of this work is to investigate the influence of intrinsic molecular structure and extrinsic 
environmental changes on mechanophore activity in a bulk polymer using a combined mechanical 
and optical testing setup. 
 In Chapter 2, the effects of force on the rate constants and activation energies are characterized 
for mechanophores in bulk polymers. SP-linked polyurethanes are synthesized and the kinetics of 
the SP–MC transition in the bulk polymer is measured under different values of a macroscopic 
tensile stress. Above a threshold stress level, the applied force enables to lower the activation 
energy for forward transition but increase the barrier for reverse reaction, leading to change in 
forward and reverse rate constants. 
 Chapter 3 presents regiochemical effects on mechanical activity of SP mechanophores in a 
cross-linked rubbery matrix. Two mechanically active SP isomers are synthesized and their 
mechanical activities in PDMS are investigated using computational calculation and in situ 
fluorescence measurement. DFT calculation predicts that rupture of C–O pyran bond occurs at a 
significantly lower force and elongation length for a specific regioisomer. Experimental results, 
however, show that the threshold stress and strain required for activating SPs with tensile or 
torsional load are found to be similar values for both isomers. Also, the kinetics of the SP–MC 
transition under different macroscopic stresses is examined. 
 The regiochemical effects on mechanophore activity are further studied for new NP 
mechanophores in Chapter 4. Six different NP regioisomers are designed and DFT calculation is 
performed to investigate their mechanochemical reactivity. Two regioisomers are predicted to be 
mechanochromic. A series of NP are synthesized and covalently linked into a PDMS matrix. The 
change in color under stress relaxation is observed by both digital images and UV-vis absorption 
measurement. Tensile testing of polymers containing these two regioisomers confirmed 
mechanochemical activity. However, one additional regioisomer, not predicted by simulation, also 
demonstrated mechanochromism in the experiments. The mechanical reactivity of the three active 
NP mechanophores is further investigated by measuring the absorbance change at different stress 
values..  
 In Chapter 5, the mechanical activity of mechanophores functionalized at the interface between 
SiO2 particle and a polymer matrix is compared with that of mechanophores linked into bulk 
polymers. Asymmetrically functionalized SP mechanophores are designed for incorporation at the 
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interface between the SiO2 particles and a PMA matrix. Surface initiated living radical 
polymerization is performed to grow linear PMA from SP-functionalized SiO2 particles. The active 
SPs activate (change color) in both solution and in a bulk polymer, Cross-linked PMA is also 
prepared using cross-linkable SP-linked SiO2. Compared with the SP-linked only to the polymer, 
the interfacial mechanophores exhibit more efficient mechanical activation under tensile loading. 
In addition, the SP-functionalized particles increase the toughness of the polymer. 





CHAPTER 2  
EFFECT OF MECHANICAL STRESS ON SPIROPYRAN-MEROCYANINE 
REACTION KINETICS IN A THERMOPLASTIC POLYMER† 
 
2.1 Introduction 
Mechanical force alters the potential energy surface of a mechanophore reaction by modifying the 
activation energy for conversion, resulting changes in its reaction kinetics. However, the effect of 
mechanical force on the kinetics of chemical reactions has mainly been investigated for single-
molecule systems. Wiita, et al.47 studied the effect of force on the kinetics of thiol/disulfide 
exchange with single-molecule force-clamp spectroscopy. Kersey, et al.48 compared dynamic 
single-molecule force spectroscopy behavior and stress-free kinetic data for well-characterized bi-
molecular reactions. Both studies revealed a logarithmic dependence of the kinetics on the applied 
force. Using a stiff stilbene molecular probe, Yang, et al.49 found an exponential dependence of C-
C bond dissociation rate on the restoring force. 
 Spiropyran (SP) is a well-studied mechanophore, which undergoes a force-induced reversible 
6π electrocyclic ring opening reaction to a merocyanine (MC) form. Prior investigation of the 
isomerization kinetics between SP and MC under thermal and photochemical activation indicates 
a first-order process.50 Gossweiler, et al.42 characterized the force-rate relationship of two SP 
isomers using atomic force microscopy.  Lee, et al. studied the effect of stress on the equilibrium 
of SP—MC transition in a bulk polymer.35 They showed indirect evidence that applied stress alters 
the potential energy surface toward the more favored MC state. The time constant for the reverse 
reaction (MC à SP) was retarded under applied load compared to the no-stress condition. 
However, this polymer required pre-stretching to increase chain alignment and enable mechanical 
activation of SP under subsequent loading. Also, only a single deformation ratio (stretch), l= 2, 
(defined as instantaneous sample gage length divided by the undeformed gage length) was 
compared to the initial state (l= 1). 
 In this study, we examine the SP—MC reaction kinetics in a SP linked polyurethane (SP-PU) 
system using transition state theory (TST). Mechanically induced molecular-level processes such 
as viscous flow, dislocation motion and polymer yielding, wherein the stress reduces the energy 
                                               
†The results presented in this chapter have been reproduced from published work.46 
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barrier for molecular motion and flow, have been effectively modeled with TST.6,51,52 Through 
combined mechanical and optical characterization, we calculate rate constants and activation 
energy for the forward and reverse reactions of SP in a bulk polymer. 
 
2.2 Experimental methods 
 
2.2.1 Materials 
Unless otherwise states, all reagents were purchased from Sigma-Aldrich and used as received. 
Deuterated solvents (chloroform-d, dimethyl sulfoxide-d6) were purchased from Cambridge 
Isotope Laboratories, Inc. Dry tetrahydrofuran was obtained from an Anhydrous Engineering 
Solvent Delivery System equipped with activated alumina columns. 
 
2.2.2 Synthetic procedures 
2.2.2.1 Synthesis of SP mechanophore 
 
Scheme 2.1. Synthetic scheme of dihydroxy SP 
 
All the compounds were prepared according to literature procedure or with some modification. 
 
Synthesis of 1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline]-5',8-diol (6a).  
A round-bottom flask equipped with a condenser, and N2 inlet adapter was charged with 3a (3.00 
g, 9.46 mmol, 1 equiv), 5a (1.73 g, 9.46 mmol, 1 equiv), and 93 ml of ethanol.  The solution was 
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heated to reflux for 2h. Then, it was cooled down, filtered, and the solid washed with cold ethanol. 
The precipitate was dried under high vacuum to yield 6a (3.23 g, 9.12 mmol, 96%) as a dark green 
powder.  
1H NMR (400 MHz, d6-DMSO, HCl(g)): δ 8.56 (d, J = 2.4 Hz, 1H), 8.33 (d, J = 16.4 Hz, 1H), 
7.86 (d, J = 2.8 Hz, 1H), 7.80 (d, J = 16.8Hz, 1H), 7.74 (d, J = 8.8 Hz, 1H), 7.22 (d, J = 2 Hz, 1H), 
7.04 (dd, J = 8.4, 2.4 Hz, 1H), 4.09 (s, 3H), 1.71 (s, 6H). 13C NMR (126 MHz, d6-DMSO): δ 178.4, 
159.8, 153.3, 146.4, 145.9, 143.8, 139.7, 133.9, 121.1, 116.6, 116.0, 115.8, 114.7, 111.8, 109.8, 
51.78, 34.64, 25.72. HRMS-EI (m/z): [M]+ calcd for C19H18N2O5, 354.1216; found, 354.1219. 
 
2.2.2.2 Synthesis of spiropyran-linked polyurethane (SP-PU) 
13.5 mg of dihydroxy SP and 36 mg of 1,4-diazabicyclo[2.2.2]octane (DABCO: 99%, Sigma-
Aldrich) were dissolved in 30 ml of tetrahydrofuran (THF: anhydrous, 99.8%, Sigma-Aldrich). 
562.5 mg of 4,4’-methylenebis(phenylisocyanate) (MDI: 98%, Sigma-Aldrich) dissolved in 10 ml 
of THF was added to the solution and stirred at 60 oC for 1 h. The reaction mixture was filtered 
through a 0.45 µm syringe filter and added into a solution of 9.27 g of poly(ethylene glycol) (PEG, 
MW=200,  Sigma-Aldrich) and 4.5 mg of DABCO in 4.5 ml of THF. Excess THF was removed 
under vacuum by slowly increasing temperature from RT to 70 oC to avoid bumping. After 
complete removal of the solvent, 7.23 ml of hexamethylenediisocyante (HDI, 98%, Aldrich) was 
added into the mixture as a chain extender under N2, poured into a Delrin mold, and degassed. The 
mold was kept in an N2-purged oven at 70 oC for 2 days. The final dog-bone shaped tensile 
specimens were detached from the mold and kept under ambient conditions for 24 h before testing. 
 
2.2.3 General characterization 
NMR spectra were measured using a Varian 400 or 500 MHz spectrometer.  Spectra were 
referenced to the residual solvent peak (specify chemical shift used for solvents).  Coupling 
constants (J) were reported in Hz, and splitting patterns were assigned as s (singlet), d (doublet), t 
(triplet), q (quartet) dd (doublet of doublets), m (multiplet), or br (broad).  Mass spectra were 
obtained from the Mass Spectrometry Laboratory, University of Illinois.  The molecular weight 
and polydispersity of SP-PU were measured by gel permeation chromatography (GPC, Waters) 
with a refracted index detector (Waters 2414) at a flow rate of 1 ml/min. THF was used as an 
eluent, and the calibration of molecular weights was done by polystyrene standards. 
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2.2.4 Fluorescence measurement 
2.2.4.1 Combined mechanical and optical testing setup 
Fluorescence images of specimens were acquired during uniaxial tensile loading. Tensile force 
was applied to the samples using a horizontally oriented uniaxial load frame (IMAC Motion 
Control Corp.), with both actuators translating simultaneously in opposite directions so that the 
center of a tensile sample remained in the field of view. The pulling speed was set to 0.1 s-1 until 
the desired deformation ratio (stretch) was reached. Applied force was measured by 50-lb capacity 
load cell (Honeywell Sensotec). The corresponding true stress was calculated from in situ optical 
measurement of the dimensions of the deformed samples.23 A 532-nm laser diode was used for the 
excitation light source, with power set to 2.5 mW using polarization optics. The light was circularly 
polarized prior to incidence on the sample. During the measurement, exposure was constant for all 
samples. Fluorescence images were recorded on a color camera (AVT Stingray F504c) and all 
measurement conditions were controlled by NI LabVIEW.  
 
2.2.4.2 Image analysis for fluorescence 
Captured fluorescence images were analyzed by an image analysis program (ImageJ). 
Fluorescence intensity was calculated by the red channel intensity of the color image, averaged 
over pixels in the gage section of the sample. To normalize fluorescence intensity, the background 
intensity was first subtracted from the obtained value. Then, each value was divided by the 
maximum intensity value. At least 3 samples were measured for the experiments and the rate 
constants were averaged. 
 




Rate constants. The total concentration of SP in a fully bleached state, [SP]0, or total concentration 
of MC in a fully activated state, [MC]0 is the sum of the current concentration of SP, [SP(t)], and 
MC, [MC(t)]. 






SP[ ]0 = MC[ ]0 = SP t( )⎡⎣ ⎤⎦ + MC t( )⎡⎣ ⎤⎦
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Under the dark, the reverse reaction is negligible so that we can only consider the forward reaction. 





After rearranging and integrating the equation from (0 to t, and 0 to [MC(t)]), we calculate the 
forward rate constant from,  
  (4) 
 
Under the exposure of green laser, the transition from SP to MC is insignificant. So, the only 
possible reaction under the green laser is the transition from MC to SP. The differential form of 





After rearranging and integrating the equation from (0 to t, and [MC]0 to [MC(t)]), we find the 
final formula of the reverse rate constant:  
  (6) 
 
Assuming that fluorescence intensity (Ifl) divided by the maximum fluorescence intensity (Ifl,max) 
is proportional to the relative concentration of MC, the concentration terms in Eqs. (2)-(6), are 







After normalizing the fluorescence intensity (PL) for each stress value, the data are fitted to Eqs. 
(7) and (8) using OriginPro 9.1.0 (32-bit) b215. 
d MC t( )⎡⎣ ⎤⎦
dt
= k f SP t( )⎡⎣ ⎤⎦ = k f SP[ ]0 − MC t( )⎡⎣ ⎤⎦( )
MC t( )⎡⎣ ⎤⎦ = SP[ ]0 1− exp −k f t( )( )
d SP t( )!" #$
dt
= kr MC t( )!" #$=
d SP[ ]0 − MC t( )!" #$( )
dt
	 MC t( )⎡⎣ ⎤⎦ = MC⎡⎣ ⎤⎦0 exp −krt( )
MC t( )!" #$
SP t( )!" #$0
=
MC t( )!" #$
MC[ ]0
=
I fl t( )
I fl ,max
= 1− exp −k f t( )( )
MC t( )!" #$
MC[ ]0
=
I fl t( )
I fl ,max
= exp −krt( )
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Figure 2.1. Representative change in normalized fluorescence intensity (SP to MC) under different 
average stress values (black square) and corresponding fit to Eq. (7) (red line). Here, t0 corresponds 
to the time when the fluorescence imaging was started for the forward reaction kinetics. 
 
 
Figure 2.2. Representative change in normalized fluorescence (MC to SP) under different stress 
values and corresponding fit to Eq. (8) (red line). Here, t0 corresponds to the time when the 
fluorescence imaging was started for the reverse reaction kinetics. 
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Activation energies. Both forward activation energy (ΔEa,f) and reverse activation energy (ΔEa,r) 
are assumed to be a linear combination of the inherent thermal activation energy, ΔE0, the effect 








 According to the Eyring-Polanyi equation, a reaction constant can be expressed as a function 







where kb is Boltzman constant, h is Planck’s constant, and T is temperature. 
 By assuming the change we observe in total activation energy for the forward and reverse 
reactions is primarily due to the mechanical contribution to activation energy in our experiments, 
we can simplify Eq. (11) and Eq. (12). Also, at small values of activation energy, the exponential 
term is approximated as linear and the activation energy is assumed a linear function of applied 







where v*f is the activation volume. 
 All the measurements were done at room temperature. kσ=0,f and kσ=0,r were measured as 
2.6×10-4 s-1, 4.1×10-3 s-1, respectively. Using these values, ΔEa,f and ΔEa,r were calculated at each 
stress level. Activation volumes were also derived from the obtained activation energy values and 
averaged. 
ΔEa, f = ΔE0, f +ΔEλ , f +ΔEmech, f





























































































































2.3.1 General characteristics of SP-PU 
SP-PU (Figure 2.3) was synthesized by methods reported previously,35 but with a different 
polyethylene glycol (PEG) soft segment. The number-averaged molecular weight was 20500 g 
mol-1 and dispersity (Đ) 1.74, confirmed by gel permeation chromatography. Under no stress, the 
initially colorless SP-PU specimens changed to colored MC states when kept in the dark (Figure 
2.4). This effect was not observed in prior SP-poly(methyl acrylate)23 or SP-poly(methyl 
methacrylate) polymers.37 The equilibrium of photochromic materials such as SP is influenced by 
polarity of the environment due to the different polarity of the equilibrium components. Polar MC 
becomes more stabilized in a polar environment not only in solution but also within a polymer 
matrix,55 implying that the PU in the current work serves as a polar medium for stabilizing MC. 
 
Figure 2.3. The chemical structure of synthesized SP integrated PU polymers. 
 
 
Figure 2.4. Pristine dog-bone shaped tensile specimens after removal from the mold (left). 
Observed color change due to keeping the specimens in the dark (right). 
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 Monotonic tensile loading of the SP-PU converts the SP to MC, leading to a distinct purple 
color change (Figure 2.5a). The MC also has a strong fluorescence as shown in Figure 2.5b. An 
increase in fluorescence intensity is used to detect conversion of SP to MC. A representative 
stress—deformation ratio curve along with the corresponding change in fluorescence intensity is 
included in Figure 2.5c. The PU has a low yield point (l=1.1), followed by strain hardening at 




Figure 2.5. (a) Optical images of SP-PU dog-bone before (top) and after stretching (bottom). (b) 
Fluorescence images of SP-PU after activation. (c) Engineering stress (The load divided by the 
initial cross-sectional area of the specimen) and thickness-corrected fluorescence intensity as a 
function of deformation ratio. 
 
 We also characterized the stress relaxation behavior of the SP-PU at different deformation 
ratios (Figure 2.6). Stress relaxation data were fit to a generalized Maxwell model (Table 2.1). 
The average relaxation times for each Maxwell element were 0.54, 17, and 290 min, respectively, 
which were not altered significantly at different deformation ratios. We found that approximately 
20% of the initial stress relaxed within 25 min but then quickly leveled out. We calculate the 
average stress in this this plateau region. Although the stress continues to relax slowly, it varies by 
at most 3.5% from the average value during the measurements. Although in this study we only 
measure the macroscopic stress, in prior studies,56,57 we developed multiscale computational 
analyses to investigate the local force felt by the SP mechanophores in glassy and rubbery 
polymers. We found that the macroscopic stress response can be effectively interpreted in terms 
of MD polymer microscale force transmission. 
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Figure 2.6. Stress relaxation behavior of SP-PU under different deformation ratios (l). Here, t0 
denotes the time when the l reaches a desired value. 
 
Table 2.1. Summary of the generalized Maxwell model parameters for SP-PU 









τ 2  (min) 
s3 
(MPa) 
τ 3  (min) 
l=1.1 5.9 1.7 0.62 0.68 17 0.76 210 
l =1.2 8 2.3 0.45 0.79 11 0.82 160 
l =1.5 15 3.7 0.47 1.2 13 1.7 220 
l =2 21 3.2 0.52 0.93 18 1.3 240 
l =3 33 5.6 0.66 1.8 28 2.6 630 
l =4 40 7.0 0.51 2.1 16 2.4 270 
l =5 49 12 0.55 3.7 19 3.3 320 
 
2.3.2 Measurement of SP–MC reaction kinetics under stress 
The forward reaction (from SP to MC) rate constant is measured with a combined mechanical and 
optical testing setup (Figure 2.7).23 A low power 532 nm of green laser (Crystal laser, 2.5 mW) 
served as an excitation light source for measuring MC fluorescence. Activated MC in the PU 
tensile specimens absorbs the green light and emits red fluorescence at around 610 nm. A long-
pass fluorescence emission filter, excluding shorter wavelengths than 580 nm, enabled capture of 












fluorescence images by color CCD. With this setup, SP-PU dog-bones were loaded to a constant 
deformation ratio and then exposed to the green laser for 30 min to convert the MC back to SP 
form. Figure 2.8 shows the response of true stress and fluorescence intensity change with the 
constant deformation ratio (stretch), l= 5, as a function of time. After 30 min (denoted by the 
vertical gray line in Figure 2.8), fluorescence images were captured every 1 min under the dark 
conditions. To minimize photo-bleaching of the MC from the excitation source, a mechanical 
shutter was placed in front of the light source and temporarily open only when taking images. After 
the fluorescence intensity reached a constant value (denoted by the red vertical line in Figure 2d), 
the shutter was opened, causing the MC to revert to SP by continuous exposure of the green laser. 
A similar procedure was used for measuring decaying fluorescence intensity.  
 
Figure 2.7. Mechanical and optical testing setup for characterization of reaction kinetics. The 
shutter prevents continuous bleaching between the forward reaction rate measurements. 
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Figure 2.8. True stress at constant deformation ratio (l=5) and normalized fluorescence intensity 
(fluorescence signals at each time divided by the maximum fluorescence intensity, I/Imax) as a 
function of time (t0 denotes the time when the deformation ratio reaches a constant value).  All 
fluorescence measurements were acquired under dark conditions. 
 
 The fluorescence intensity change at the different deformation ratios is plotted in Figure 2.9a. 
At stress levels 0, 6, and 8 MPa, the increase of the fluorescence intensity with time is nearly 
identical. At stress levels greater than 8 MPa, the fluorescence intensity increases more rapidly 
with applied stress. Since the SP—MC transition is a unimolecular reaction and the MC to SP 
transition is negligible under dark conditions (Figure 2.9b), the kinetics of SP activation can be 
described by Eq. (4).58 The rate constants at each stress value are extracted by fitting the measured 
data to the equation. The stress-free forward rate constant (k0,f) obtained from our measurement is 
2.6 × 10-4 s-1, which is relatively higher than the k0,f of SP reported previously by Gossweiler, et 
al.42 We hypothesize that this difference in rates is due to the bulk PU matrix, which provides a 
more polar environment to stabilize the MC form. As shown in Figure 2.9c, a continuous increase 
in the forward rate constant occurs above a threshold stress of 8 MPa. 
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Figure 2.9. (a) Evolution of fluorescence intensity for different stress values. (b) Fluorescence 
intensity changes of activated samples under dark conditions (black square) and fully bleached 
specimen exposed to a green (532 nm) laser (red circle). The fluorescence imaging was started at 
t=0s. (c) Forward rate constant (kf) calculated at different applied stress values. 
 
  Fluorescence intensity decay during the reverse reaction is plotted in Figure 2.10a. During the 
fluorescence decay measurement, the green laser light provided additional energy to drive the 
reverse (MCàSP) reaction such that the forward reaction was considered negligible (Figure 
2.9b). Similar to the case of the forward reaction, fluorescence intensity decay is retarded as higher 
stress is applied above a threshold value of 8 MPa. We obtain the reverse rate constant as a function 
of relaxation stress by fitting the results to a single-exponential decay equation.58 As shown in 
Figure 2.10b, there is no noticeable change in the reverse rate constants below a stress of 8 MPa. 
Above this threshold stress value, the reverse rate constants decrease with increasing stress. 
 
Figure 2.10. (a) Fluorescence decay at different stress values. (b) Calculated reverse rate constant 
(kr) depending on the applied stress. Blue dashed lines indicate the initial rate constant.  Error bars 
represent one standard deviation of the data. 
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 Figure 2.11 shows the change in normalized fluorescence intensity for varying deformation 
ratios. Due to the thickness change at different deformation ratios (stretch), the fluorescence 
intensity was normalized by the maximum value for each experiment. Also, the background 
fluorescence intensity was not subtracted to reveal the change in the magnitude of fluorescence 
intensity at different deformation ratios (stretch). Above the threshold stress, further increase in 
applied stress (or deformation ratio) retards the MCàSP transition. This effect has been observed 
previously for other photochromophores.59 
 
 
Figure 2.11. Normalized fluorescence intensity changes for different deformation ratios during 
continuous exposure to green (532 nm) laser light. Here, t0 defines the time when the deformation 
ratio (l) reaches a constant value. 
 
 Based on prior data,23,60 we hypothesize that the threshold stress is associated with the 
uncoiling and aligning polymer chains. Preferential activation of mechanophores occurs when the 
polymer chains are aligned along the tensile loading direction.38 
 
2.3.3 Change in activation energy under mechanical stress 
The forward and reverse activation energies calculated from Eq. (11) and Eq. (12) are plotted in 
Figure 2.12a. As expected, applied mechanical stress lowers the activation energy for the forward 
reaction, indicating MC states are more favorable with higher stress. Tensile stress also increases 
the activation energy for the reverse reaction so that MC states are less favorable. This result is 
consistent with prior reports that applied force modifies the potential energy surface by decreasing 
the activation energy barrier for mechanophore conversion.61,62 
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 The absolute change of the forward and reverse activation energies calculated from Eq. (13) 
and Eq. (14) for different levels of applied stress is summarized in Figure 2.12b. The activation 
energies increase with applied stress above a threshold value of 8 MPa. At stress levels of 50 MPa, 
the energy barrier for the transition from SP to MC decreased by 1.8 kJ/mol. For the reverse 
reaction from MC to SP, the same stress increased the activation energy by 2.5 kJ/mol. The 
corresponding average activation volumes calculated for each reaction were 1.0×10-1 nm3 
(forward) and 4.4×10-2 nm3 (reverse). The activation volume is associated with the volumetric 
change between the activated state and ground state.56,63,64 By assuming cubic symmetry, 
characteristic lengths (d*=(v*)1/3) of 0.46 nm and 0.35 nm, were calculated for the forward and 
reverse reactions, respectively. Interestingly, prior molecular dynamic simulations and 
experiments,10,56,57,65 estimate that d* is on the order of 10-1 nm for both forward and reverse 
transition in SP.  
 
 
Figure 2.12. Effect of stress on activation energy for SP—MC transition in PU.  (a) Total 
activation energy for both the forward and reverse reaction for different applied stress levels. (b) 
Change in mechanical activation energy relative to zero initial stress. Error bars represent one 




We characterized the kinetics of the SP—MC transition in thermoplastic polyurethanes by 
measuring the fluorescence change due to activation of the mechanophores. Both forward and 
reverse rate constants were calculated under different applied stress values. Below a critical stress 
level, there was no change in the reaction kinetics. At stresses above this threshold value, the 
forward rate constants increased linearly with the applied stress and the reverse rate constants 
decreased linearly with the stress. The activation energies for both reactions were calculated as a 
function of applied stress. We found that the applied force lowers the activation energy for forward 
transition but increases the barrier for reverse reaction. 
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CHAPTER 3  




As discussed in Chapter 1, there are several mechanically active forms of spiropyrans (SP). Some 
of the SPs have the same structure but only differ in the location of the polymer attachment points. 
Another set of SPs has the same location of the polymer attachments but altered electronic structure. 
The SP mechanophores studied in this chapter are summarized in Figure 3.1a. In case of SP-a 
mechanophore, polymer chains are attached to position 8 of the benzopyran side and position 5′ of 
the indole side that span the spiro C–O junction.9,10,36,37,66,67 Several studies have also reported the 
mechanical evaluation of an alternative SP mechanophore (SP-b), with polymer attachment points 
on position 8 of the benzopyran and position 1′ of indoline portion.12,13 Removal of nitro group 
from SP-b results in SP-c mechanophore. One study revealed that SP without the electron-
withdrawing functionality does not have photochromism but still exhibit mechanochromism.14 
 Recently, Craig and coworkers quantified the force required for the ring-opening reaction of 
each SP mechanophore using single molecule force spectroscopy (SMFS).42 In contrast to the 
force-free reactivity, they found that SP-b undergoes mechanical activation at a lower force 
threshold compared to SP-a.42 However, there are few studies of the relationship between the 
mechanical reactivity and the chemical structure of mechanophores in bulk polymers. In this 
chapter, we investigate the effects of polymer attachment points on the mechanical activation of 
SP mechanophores SP-a and SP-b in bulk polydimethylsiloxane (PDMS) materials. These SP 
mechanophores are incorporated into a PDMS as cross-linking groups and their mechanochemical 
activation is evaluated under tension and shear activation using an in situ fluorescence technique. 
Additionally, we evaluate how the electronic structure of SP mechanophores (SP-b and SP-c) 
influences their deactivation kinetics. SP-linked PDMS specimens are characterized by in situ 
absorption measurement setup. 
 
                                               
* CoGEF simulation was performed with Dr. Maxwell Robb. Comparison on the mechanical 
reactivity of SP-b and SP-c was conducted in collaboration with Dr. Eric Epstein. 
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Figure 3.1. (a) Mechanochemical ring-opening and closing reactions of SP-a, SP-b, and SP-c 
mechanophores. (b) Photographs of polymer specimens for tensile (upper left) and torsional (lower 
left) testing and schematic of SP cross-linked PDMS (right). 
 
 
3.2 Experimental methods 
3.2.1 Materials 
Unless otherwise states, all reagents were purchased from Sigma-Aldrich and used as received. 
Deuterated solvents (chloroform-d, dimethyl sulfoxide-d6) were purchased from Cambridge 
Isotope Laboratories, Inc.  Dry tetrahydrofuran was obtained from an Anhydrous Engineering 
Solvent Delivery System equipped with activated alumina columns. Sylgard® 184 (Dow corning) 
was used as a PDMS elastomeric matrix. 
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3.2.2 Synthetic procedures 
3.2.2.1 Synthesis of SP mechanophores 
 
Scheme 3.1. Synthetic scheme of SP-a pentenoate 
 
Synthesis of 1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline]-5',8-diyl bis(pent-4-enoate) 
(SP-a pentenoate) 
To a solution of 6a (382 mg, 1.08 mmol, 1 equiv) and 4-dimethylaminopyridine (238 mg, 1.94 
mmol, 1.8 equiv) in 12 ml of THF was added 4-pentenoic anhydride (0.512 ml, 2.80 mmol, 2.6 
equiv) dropwise.  After stirring for 3h at room temperature, the reaction was quenched with 1 ml 
of methanol and stirred for 10 min. The solvent was completely removed and the crude product 
was purified by column chromatography eluting with dichloromethane. The separated purple 
solution was concentrated and recrystallized from boiling hexane to yield SP-a pentenoate (175 
mg, 0.337 mmol, 31%) as yellow needles.  
1H NMR (500 MHz, CDCl3): δ 7.94 (d, J = 2.6 Hz, 1H), 7.83 (d, J = 2.6 Hz, 1H), 6.97 (d, J = 10.4 
Hz, 1H), 6.85 (dd, J = 8.3, 2.3 Hz, 1H), 6.80 (d, J = 2.2 Hz, 1H), 6.48 (d, J = 8.3 Hz, 1H), 5.91 (m, 
2H), 5.62 (m, 1H), 5.15 (dd, J = 17.1, 1.5 Hz, 1H), 5.10-5.05 (m, 1H), 4.97-4.92 (m, 2H), 2.66 (s, 
3H), 2.66-2.62 (m, 2H), 2.50 (q, J=7.0 Hz, 2H), 2.23-2.15 (m, 2H), 1.95 (q, J=7.6Hz, 2H), 1.25 (s, 
3H), 1.21 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 172.1, 170.6, 151.1, 145.3, 144.5, 140.2, 137.7, 
137.3, 136.6, 136.5, 128.6, 121.1, 120.3, 120.2, 119.5, 119.3, 116.0, 115.5, 107.8, 107.5, 52.0, 
33.8, 32.9, 29.1, 29.0, 29.0, 25.7, 19.6. HRMS-ESI (m/z): [M+H]+ calcd for C29H31N2O7, 




Scheme 3.2. Synthetic scheme of SP-b pentenoate 
 
All the compounds were prepared according to literature procedure.12  
 
Synthesis of 3',3'-dimethyl-6-nitro-1'-(2-(pent-4-enoyloxy)ethyl)spiro[chromene-2,2'-indolin]-8-
yl pent-4-enoate (SP-b pentenoate) 
3b (400 mg, 1.08 mmol, 1 equiv) and 4-dimethylaminopyridine (238 mg, 1.94 mmol, 1.8 equiv) 
were dissolved in 12 ml of THF, followed by adding 4-pentenoic anhydride (0.512 ml, 2.80 mmol, 
2.6 equiv) dropwise. After stirring for 3h at room temperature, the reaction was quenched with 1 
ml of methanol and stirred for 10 min. The solvent was completely removed and the crude product 
was purified by column chromatography eluting with dichloromethane.  The separated purple 
solution was concentrated and recrystallized from boiling hexane to yield SP-b pentenoate (291 
mg, 0.547 mmol, 51%) as yellow solids.  
1H NMR (500 MHz, CDCl3): δ 7.94 (d, J = 2.7 Hz, 1H), 7.82 (d, J = 2.6 Hz, 1H), 7.15 (t, J = 7.8 
Hz, 1H), 7.06 (d, J = 7.3 Hz, 1H), 6.96 (d, J = 10.4 Hz, 1H), 6.91 – 6.82 (m, 1H), 6.65 (d, J = 7.8 
Hz, 1H), 5.96 (d, J = 10.4 Hz, 1H), 5.84 – 5.70 (m, 1H), 5.60 – 5.50 (m, 1H), 5.08 – 4.79 (m, 3H), 
4.31 – 4.09 (m, 2H), 3.33 (t, J = 6.6 Hz, 2H), 2.42 – 2.10 (m, 4H), 1.91 – 1.80 (m, 2H), 1.26 (s, 
3H), 1.18 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 173.0, 170.0, 149.9, 146.7, 140.3, 137.8, 136.8, 
136.4, 135.9, 128.5, 127.9, 121.7, 121.6, 120.3, 120.2, 119.3, 115.8, 115.6, 107.5, 107.2, 62.6, 
52.3, 42.6, 33.6, 33.0, 28.9, 28.5, 25.9, 19.5. HRMS-ESI (m/z): [M+H]+ calcd for C30H33N2O7, 




Synthesis of 3',3'-dimethyl-1'-2(pent-4-enoyloxy)ethyl)spiro [chromene-2,2'-indoline]- 8-yl pent-
4-enoate (SP-c pentenoate) 
3.3 g (10.2 mmol) of 1'-(2-hydroxyethyl)-3',3'-dimethylspiro[chromene-2,2'-indolin]-8-ol and 2.4 
g (19.6 mmol) of DMAP were dissolved in 100 ml of anhydrous chloroform. 3 g (16.5 mmol) of 
pentenoic anhydride was added dropwise at room temperature and the reaction proceeded for 3 
hours. Several drops of methanol were added, the solution was concentrated in vacuo and purified 
by column chromatography on SiO2 using 3% EtOAc/hexanes, yielding 5.7 g (9.37 mmol, 91.9%) 
of the title compound as transparent, light blue oil, which gradually turns to a transparent, pale 
yellow color during storage. 
1H NMR (500 MHz, CDCl3) δ 7.12 (td, J = 7.6, 1.3 Hz, 1H), 7.05 (dd, J = 7.2, 1.2 Hz, 1H), 6.95 
(dd, J = 7.5, 1.6 Hz, 1H), 6.93 – 6.83 (m, 2H), 6.85 – 6.76 (m, 2H), 6.63 (d, J = 7.8 Hz, 1H), 5.88 
– 5.78 (m, 0H), 5.79 (s, 1H), 5.80 – 5.72 (m, 1H), 5.57 (ddt, J = 17.6, 9.8, 6.4 Hz, 1H), 5.10 – 84 
(m, 4H), 24 (dt, J = 11.0, 6.3 Hz, 1H), 20 – 10 (m, 1H), 3.44 – 3.27 (m, 2H), 2.44 – 2.28 (m, 4H), 
2.24 – 2.09 (m, 2H), 1.86 (m, J = 9.0, 7.6, 6.1, 3.3, 1.6 Hz, 2H), 1.28 (s, 3H), 1.26 (d, J = 7.2 Hz, 
0H), 1.16 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 173.00, 171.10, 147.20, 145.01, 137.93, 136.87, 
136.74, 136.46, 129.47, 127.58, 1226, 122.97, 121.57, 119.91, 119.86, 119.60, 119.44, 115.64, 
115.13, 106.86, 105.13, 63.01, 51.79, 42.54, 33.59, 33.23, 28.88, 28.64, 25.93, 19.6 
 
3.2.2.2 Incorporation of SP mechanophores in PDMS 
SP mechanophores were incorporated into a PDMS elastomeric matrix based on the procedure 
reported by Gossweiler et al.12 The bis-alkene functionalized SP (24 mg, either SP-a or SP-b) was 
dissolved in toluene (1 mL, Macron). Prepolymer base (8 g) was added to the solution and mixed 
vigorously until a homogenous dispersion was achieved. Curing agent (0.8 g) was added to the 
mixture, followed by additional mixing. The final mixture was poured into a Delrin® mold (for 
tensile specimen) or injected into a pre-shaped syringe mold (for shear specimen). To prohibit 
bubble formation while curing, the samples were degassed in a vacuum oven at room temperature 
for 1 h, followed by curing at 85 °C for 24 h under vacuum. 
 Due to less intensive color generation of SP-c, high concentration of SPs was incorporated into 
PDMS for comparing SP-b and SP-c mechanophores. 0.084 mmol of SP-b (44.7 mg) or SP-c 
mechanophores (40.8 mg) was dissolved in 0.26 ml of toluene. The solution was mixed with 3.92 
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g of PDMS base and 0.394 g of curing agent. The final mixture was casted into a Delrin® mold 
and cured with the same procedure as shown above.  
 
3.2.3 CoGEF calculations 
CoGEF calculations were performed using Spartan ′14® software according to previously reported 
methods.10,45,68 Ground state energies were calculated using DFT at the B3LYP/6-31G* level of 
theory. 
 
3.2.4 Tensile testing and fluorescence imaging 
Dog-bone shaped tensile specimens (length between the grips: 5 mm; width: 2 mm; thickness: 0.8 
mm) were tested with a combined mechanical and optical testing setup as described in Chapter 2. 
A 532-nm laser (2.5 mW) served as the excitation light source for fluorescence measurements. 
The specimen was uniaxially deformed at a strain rate of 0.05 s
-1
 or 0.005 s
-1
 by two opposing 
actuators. Load was recorded using a 50-lb capacity load cell (Honeywell Sensotec) attached to 
one of the actuators. Excitation light was excluded by a long-pass emission filter (580 nm cutoff) 
and fluorescence images were captured with a color CCD (AVT Stingray F504c). The acquired 
load-displacement data were converted to engineering stress and strain. Fluorescence intensity was 
calculated by averaging the red channel intensity of the gage section of the sample, thickness-
corrected, and normalized.  
 
3.2.4.1 Engineering stress/strain calculation and tensile properties of SP-PDMS 
Collected force (F) and displacement (Δl) data were changed into strain (ε) and normal stress (σn) 
































Figure 3.2. Mechanical behaviors of SP-PDMS under tensile tests. (a) Representative load–
displacement and (b) stress–strain curves for SP-PDMS. (c) Average elastic modulus, (d) tensile 
stress at break, and (e) strain at break for SP-PDMS. Error bars represent one standard deviation 
of the data for 8 samples. 
 
3.2.4.2 Normalization of fluorescence under tensile deformation 
The raw fluorescence intensity (Iraw) was averaged for all pixels within the bounds of the sample 
images. During stretching, the thickness of the specimen is reduced, leading to a decrease in SP 
concentration in the field of view. This effect is corrected with respect to the measured dimensional 
change in the specimen.23 Dimensional change in the thickness direction (λT) was assumed to be 
the same as the dimensional change in the width direction (λW), since both of those directions were 
unconstrained during the uniaxial loading. Assuming incompressible behavior, the λT was 
represented as 
 
    (3) 
The thickness-correction was applied by dividing the Iraw by λT. 
   (4) 
 The thickness-corrected fluorescence (Icorr) was normalized with respect to the maximum and 




where Icorr(ε) is the fluorescence intensity of a sample at a given strain, Icorr(ε = 0) is the intensity 











Icorr ε( )− Icorr ε = 0( )
Icorr ,max − Icorr ,min
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3.2.5 Shear testing and fluorescence imaging 
Cylindrical torsional specimens (gage section: 2 mm in diameter, 10 mm long; grip section: 4 mm 
in diameter) were tested using a rheometer (TA Instrument, AR-G2) at room temperature.  
Constant axial tension (1 ± 0.5 N) was applied while rotating the specimen with a shear rate of 0.1 
rad/s. A white pipe light was filtered through a short-pass filter so that only 400–550 nm 
wavelength light was used as the excitation light source. A long-pass filter allowed a Basler CCD 
camera positioned at 90° to the illumination source to capture fluorescence images from the 
specimen. The fluorescence intensity was calculated by image analysis and normalized. 
 
3.2.5.1 Shear stress/shear strain calculation and shear properties of SP-PDMS 





where r is the sample radius, M is the applied torque, θ is the angle of rotation of the specimen, 
and A is the axial strain as a function of rotation. Derivatives of torque and axial strain with respect 
to rotation angle were calculated by the tangent slope of each curve. The corresponding shear strain 













Figure 3.3. Mechanical behaviors of SP-PDMS under torsional tests. Representative (a) Torque–














































Shear strain at break of SP-PDMS. Error bars represent one standard deviation of the data. Shear 
rate = 0.1 rad/sec. 
 
3.2.5.2 Normalization of fluorescence under torsional deformation 
The raw fluorescence intensity (Iraw) was calculated from the red channel intensity of the color 
image, averaged over pixels in the gage section of the sample. The fluorescence intensity was 
normalized with respect to the maximum and minimum intensities, similar to the normalization 













3.2.6 Kinetic study of SP-a PDMS and SP-b PDMS under tension 
The forward and reverse reaction rate constants of SP-a and SP-b were determined using a 
previously reported method.46 The forward reaction (from SP to MC) rate constant was measured 
with the combined mechanical and optical testing setup as shown in the upper row of Figure 3.4a. 
To minimize photo-bleaching of the MC from the excitation laser, we placed a mechanical shutter 
in front of the light source that opened only when acquiring images. With this setup, SP-PDMS 
dog-bone shaped specimens were loaded to a fixed strain value and then exposed to the green laser 
(0.6 mW) for 5 min to convert the MC back to SP form. After 5 min (denoted by the vertical red 
line in Figure 3.4a), the stress relaxed to a constant value. Once this equilibrium was reached, 
fluorescence images were captured every 10 second under dark conditions. After the measurement 
was finished, the shutter was opened to revert the MC to SP by continuous exposure of the green 
laser. Then, the shutter operated again to capture the evolution of fluorescence intensity at the same 
strain. At least 3 measurements were performed at each strain. 
 The reverse reaction (from MC to SP) rate constant was characterized by a similar procedure 
shown in Figure 3.4b. The green laser intensity was increased to 2.5 mW. Fluorescence images 
were captured on every 2 seconds after the sample was held at a constant strain for 5 min under 
dark conditions. When the fluorescence intensity reached a constant value, the green laser was 
blocked to revert the SP to MC. After 5 min, the fluorescence images were acquired while the 









Figure 3.4. Characterization of reaction kinetics for SP-PDMS. Experimental setups and 
representative data for measuring (a) the forward rate constant and (b) the reverse rate constant. 
Truee stress (middle) and corresponding fluorescence intensity (bottom) as a function of time for 
a constant applied strain of 1.0 or 2.2 for both the forward (increasing fluorescence) and reverse 
(decreasing fluorescence) reactions. The shutter operates only for measuring forward kinetics. All 
fluorescence measurements were acquired under dark conditions. 
 
3.2.6.1 Forward reaction kinetics 
The fluorescence intensity changes were measured at four different strain values (1, 1.3–1.4, 1.5–
1.6, and 1.8–1.9). True stress was calculated from the final dimensions of the deformed samples. 
The representative stress at each strain value was calculated by averaging the true stress in the 
plateau region over 480 s.  
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Figure 3.5. Stress relaxation behavior of (a) SP-a PDMS and (b) SP-b PDMS for different strains. 
 
Assuming the SP—MC transition is a uni-molecular reaction, the rate constants at each stress value 
are extracted by fitting the measured data to the equation obtained from the Chapter 2. 
Fluorescence intensity increases more rapidly with time and the forward rate constant (kf) at each 
stress value was extracted by fitting the measured data to first order kinetic equation. 
 
 
Figure 3.6. Representative change in fluorescence intensity (SP to MC) and corresponding fit for 
(a) SP-a PDMS and (b) SP-b PDMS. 
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3.2.6.2 Reverse reaction kinetics 
The fluorescence intensity changes were measured at five different strain values (1, 1.4, 1.6, 1.9, 
and 2.0). True stress was calculated from the final dimensions of the deformed samples. 
 
Figure 3.7. Stress relaxation behavior of (a) SP-a PDMS and (b) SP-b PDMS for different strains. 
 
We obtained the reverse rate constant as a function of true stress by fitting the results to a bi-





where [MC(t)]0 is MC concentration at a certain time t, A1 and A2 are pre-exponential factors, and 
kr,1 and kr,2 are reverse rate constants.   
MC t( )⎡⎣ ⎤⎦ = A1 exp −kr ,1t( ) + A2 exp −kr ,2t( ) +C
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Figure 3.8. Representative change in fluorescence intensity (MC to SP) and corresponding fit to 
equation (9) (red line) for (a) SP-a PDMS and (b) SP-b PDMS. 
 
3.2.7 In situ mechanical/visible absorption measurements 
Visible absorption spectra were acquired for dog-bone shaped PDMS specimens using a custom 
uniaxial load frame (IMAC Motion Control Corp.). The testing setup is illustrated below in Figure 
3.9. The specimens were uniaxially stretched at a strain rate of 0.05 mm s-1 by two opposing 
actuators and the load was monitored with a 50-lb capacity Honeywell Sensotec sensor. 
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Absorption spectra were acquired using a halogen light source and Ocean Optics HR2000+ 
spectrometer. After the specimen was deformed in tension to a certain load value, absorption 
spectra were collected. True stress for each deformation was calculated by measuring the 
dimensions of the deformed specimen. To measure the deactivation time, the sample was released 
to no force condition and the change in absorbance was recorded.  
 
 
Figure 3.9. Mechanical testing setup with in situ visible absorption characterization. 
 
3.3 Results 
3.3.1 Optical properties of SP-incorporated PDMS 
PDMS materials incorporating SP-a and SP-b mechanophores exhibited mechanically facilitated 
ring-opening under both tension and shear activation leading to generation of the colored MC 
(Figure 3.10a-b). As demonstrated previously for SP-b,12 both mechanophores demonstrate a dual 
color transition, appearing blue under stress and transforming to purple upon relaxation. The 
absorption properties of each SP were measured spectroscopically to accurately characterize the 
color change. Under tension, PDMS incorporating the SP-a mechanophore exhibits an absorption 
maximum (λmax) at a wavelength of 581 nm. After the specimen is released, the absorption 
maximum shifts to 569 nm (Figure 3.10c). PDMS incorporating the SP-b mechanophore exhibits 
a similar trend, but its λmax is slightly red-shifted compared to SP-a under tension (λmax = 588 nm) 
and in the relaxed state (λmax = 572 nm) (Figure 3.10d). This secondary color transition has been 





different cis–trans configurations of the planar MC, which are known to have different absorption 
characteristics.71-74   
 
 
Figure 3.10. Optical photographs of (a) PDMS incorporating the SP-a mechanophore and (b) 
PDMS incorporating the SP-b mechanophore right before failure and after failure. UV-vis 
absorption spectra of PDMS specimens incorporating (Scale bar = 2 mm) (c) SP-a and (d) SP-b 
mechanophores in the stretched and relaxed state. Fluorescence spectra of PDMS specimens 
incorporating (e) SP-a and (f) SP-b mechanophores in the stretched and relaxed state. 
 
 The fluorescence emission behavior of the MC forms of SP-a and SP-b mechanophores after 
mechanical activation are also consistent with the measured absorption properties. The maximum 
emission of the stretched PDMS specimens incorporating the SP-a mechanophore occurs at 679 
nm and is blue-shifted to 645 nm after release of the applied strain. For the PDMS specimen 
incorporating the SP-b mechanophore, the fluorescence emission occurs at longer wavelengths 
(690 nm during stretching and 667 nm after relaxation). Due to the enhanced sensitivity, 
fluorescence measurements were used to characterize the mechanical activation of SP-a and SP-b 
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mechanophores. Under our experimental conditions, emission from both the stressed and relaxed 
states was detected and used for quantification. 
 
3.3.2 CoGEF calculation 
Computational calculations were performed to gain insight into the differences in mechanical 
activation between SP-a and SP-b mechanophores (Figure 3.11). CoGEF calculations, which 
model the energy and reactivity of a mechanophore as a function of mechanical elongation, were 
performed using density functional theory according to the method developed by Beyer.68  
Qualitatively, the calculations predict the successful transformation of both SP-a and SP-b into 
their corresponding MC state, but also indicate significantly different energy levels and 
deformation response. For example, SP-a is elongated ~5.29 Å from its equilibrium conformation 
prior to rupture of the spiro C–O bond and formation of the MC species. Bond cleavage occurs at 
an energy of 293 kJ/mol relative to the ground state energy of the unperturbed molecule. A local 
energy maximum is observed at an elongation around 2.2 Å, which corresponds to a ring inversion 
of the central pyrrolidine group. The CoGEF results for the SP-b mechanophore suggest a much 
more restricted conformational energy landscape with a smooth transition from its equilibrium 
structure to formation of the MC species. Rupture of the C–O pyran bond occurs at a significantly 
lower energy of 127 kJ/mol at an elongation of approximately 2.8 Å. More importantly, the 
maximum force experienced by the mechanophore (Fmax) is represented by the slope of the curve 
immediately prior to cleavage of the C–O bond. For SP-a, Fmax is approximately 4.7 nN. For SP-
b, a significantly lower maximum force of only 2.7 nN is predicted. 
 
 
Figure 3.11. CoGEF predictions of the ground state energy of SP-a and SP-b mechanophores as a 
function of mechanical elongation (DFT B3LYP/6-31G*). 
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3.3.3 Tensile activation behavior of SP-a and SP-b PDMS 
The stress-strain curves in tension for PDMS specimens incorporating both SP-a and SP-b 
mechanophores are nearly identical. The elastic moduli and ultimate stress and strain values at 
failure are also similar for each loading condition. Fluorescence images were acquired during 
tensile activation to observe the formation of the MC species from the corresponding SP 
mechanophores. A schematic of the imaging setup is shown in Figure 3.12a. Representative 
images obtained from the setup after activation are shown in Figure 3.12b. Fluorescence intensity 
was calculated using the red channel intensities of captured images, averaged over pixels in the 
gage section of the sample. The raw fluorescence intensities were normalized as described in the 
section 3.2.5.2.23,36 Figure 3.13 shows the normalized fluorescence intensity (I´) and stress as a 
function of strain. Tensile results display a typical nonlinear behavior observed for elastomers. 
There is no yield point in PDMS, but still there exists a critical level of strain deformation that is 
required to trigger mechanical activation. 
 
 
Figure 3.12. Mechanical and optical testing setup for (a) tensile testing. (b) Fluorescence images 
of activated SP-PDMS under tensile load. 
 
Figure 3.13. Combined stress and normalized fluorescence data as a function of applied strain. 
Tension test results for (a) SP-a PDMS and (b) SP-b PDMS. 
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 To determine the required strain for activating SP-a and SP-b under a tensile load at a strain 
rate of 0.05 s-1, I´ was plotted as a function of a strain (Figure 3.14a). The threshold activation 
was defined as the point when the first derivative value of I´ versus strain was significantly 
increased compared to the initial slope, as described in the inset of Figure 3.14a. We also 
characterized the mechanical and activation behaviors of SP-PDMS at a strain rate of 0.005 s-1 
(Figure 3.15). At slower strain rate, both the elastic modulus and ultimate strength decreased 
slightly compared to the values obtained from the strain rate of 0.05 s-1. The threshold strain and 
stress of SP-a and SP-b for tensile experiments are summarized in Figure 3.14b and c. At a strain 
rate of 0.05 s-1, SP-a PDMS requires about 0.73±0.03 of strain or 0.95±0.05 MPa of stress for 
activation, while SP-b PDMS needs 0.72±0.05 of strain and 0.88±0.08 MPa of stress. At a strain 
rate of 0.005 s-1, the required strains for activating SP-a or SP-b have similar values, consistent 
with the case of 0.05 s-1, while the activation stresses for both mechanophores are reduced due to 
the lower elastic modulus at the slower strain rate. Based on the results of the unpaired t test, there 




Figure 3.14. Activation behavior of SP-PDMS under tension. (a) Normalized fluorescence 
intensity change as a function of strain at a strain rate of 0.05 s-1. Inset is an enlarged view of initial 
portion of curve, representing how the onset point was determined. (b) The onset of activation 
strain and (c) the activation stress for SP-a and SP-b. Error bars represent one standard deviation 
of the data. 
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Figure 3.15. Behavior of SP-PDMS loaded in tension at the strain rate of 0.005 s-1. (a) 
Representative stress-strain curve. (b) The change in normalized fluorescence intensity according 
to applied strain.   
 
3.3.4 Shear activation behavior of SP-a and SP-b PDMS 
Similar to the tensile tests, the stress-strain curves in shear for PDMS specimens incorporating 
both SP-a and SP-b mechanophores are nearly identical with similar elastic moduli and ultimate 
stress and strain values at failure. A schematic of the fluorescence imaging setup is shown in 
Figure 3.16a. Representative optical and fluorescence images obtained from the setup after 
activation are shown in Figure 3.16b-c. The normalized fluorescence intensity (I´) and stress are 
plotted as a function of shear strain (Figure 3.17). Shear results also display a typical nonlinear 
behavior observed for elastomers and critical level of strain deformation is required to trigger 
mechanical activation. 
 
Figure 3.16. Mechanical and optical testing setup for (a) shear testing. Optical and fluorescence 
images of activated (b) SP-a and (c) SP-b under torsional load. 
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Figure 3.17. Combined stress and normalized fluorescence data as a function of applied strain. 
Shear test results for (a) SP-a PDMS and (b) SP-b PDMS. Shear rate = 0.1 rad/sec. 
 
 The activation results of SP-PDMS under a torsional load are summarized in Figure 3.18a. 
With the same definition of the activation onset as the tensile tests, the activation shear strain for 
SP-a PDMS was measured to be 0.60±0.27 and that for the SP-b was 0.57±0.28 (Figure 3.18b), 
while the activation shear stress for SP-a was 1.18±0.59 MPa and SP-b was 1.02±0.59 MPa 
(Figure 3.18c). From the results of the unpaired t test, there is no statistical difference between 
activation onset values of SP-a and SP-b for the shear test. 
 
 
Figure 3.18. Activation behavior of SP-PDMS under torsion. (a) The change in normalized 
fluorescence intensity as a function of shear strain. The onset of (b) activation strain and (c) the 
activation stress for SP-a and SP-b. Error bars represent one standard deviation of the data 
 
 Therefore, both tensile and shear activation results reveal that varying the pulling points may 
have a minimal effect on the mechanical activation of sSP in bulk polymers, in contrast to the 
CoGEF calculations and prior work using SMFS.42 In bulk polymer systems, there are many other 
factors that complicate mechanophore activation. These factors include the distribution of the 
mechanophore along polymer backbones,75 alignment of polymers in the direction of stress,38 and 
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physical entanglement of polymer chains.76 In addition, the activation force of SP-a previously 
measured using SMFS is only approximately 10% higher than that of SP-b,42 which may not be a 
large enough difference to be detected in a more complex macroscopic system. 
 
3.3.5 Kinetics of SP—MC reactions of SP-a and SP-b in PDMS 
To fully characterize the difference in mechanochemical reactivity between the two SP isomers, 
we examined the SP—MC reaction kinetics at different stresses, similar to studies of SP-a in 
thermoplastic polyurethanes described in Chap.2.46 The rate of the forward reaction (SP to MC) of 
both SP-a and SP-b in PDMS are assumed to be first order and the fluorescence data were 
successfully fitted to a single-exponential decay equation. As shown in Figure 3.19, the extracted 
forward rate constant (kf) increases continuously as a higher stress is applied.  Assuming a linear 
relationship between kf and stress, t tests were performed to make comparison between two 
mechanophores for differences in slope. The change in kf of each mechanophore was not 
statistically different, consistent with prior sonication tests in solution45. The single-exponential 
model was, however, not suitable for describing the reverse reaction (MC to SP) under stress 
conditions. Several models have been proposed to describe de-coloration kinetics in condensed 
phases and a bi-exponential form is one of the widely used models.55,77,78 In fact, the curve-fitting 
processes with the bi-exponential model were very satisfactory (Figure 3.20) and two reverse rate 
constants (kr,1 and kr,2) were obtained at each stress value. These two rate constants are possibly 
related to different isomers of MC, inhomogeneous distributions of free volumes in the PDMS, or 
complex interactions between the isomers and the matrix.79-81 Both kr,1 and kr,2 for SP-a and SP-b 
show similar values and decrease at higher applied stresses. The change in kr of each 
mechanophore was not statistically different, similar to the forward reaction. 
 
 
Figure 3.19. Forward rate constants (kf) of SP-a PDMS (left) and SP-b PDMS (right). Error bars 




Figure 3.20. Calculated reverse rate constants (kr) at different stress values for SP-PDMS. (a) kr,1 
and (b) kr,2. Error bars represent one standard deviation of the data. Dashed lines indicate the linear 
regression fitting. 
 
3.3.6 Activation and deactivation behavior of SP-b and SP-c PDMS 
The change in electronic structures of SP-b and SP-c leads to distinct color changes of SP-
incorporated PDMS in diverse environments (Figure 3.21). After bleaching, tensile specimens of 
SP-b PDMS showed slightly yellowish color, while SP-c PDMS did not show any significant color 
change compared to pristine PDMS. When the samples were kept in the dark for 24 hours, the 
color of SP-b PDMS specimens changed to light pink but SP-c PDMS remained colorless. We 
hypothesize that strong withdrawing group (–NO2) in the SP-b stabilizes the MC state and the 
equilibrium constant for SP to MC transition is significantly altered toward MC formation in the 
dark. Despite the difference in their equilibrium states, both SPs were mechanochromic and 
generated different colors that might be related to the electronic effect. Unlike SP-a and SP-b, the 
MC state of SP-c did not emit detectable fluorescence signals with our optical testing setup. So, 




Figure 3.21. Digital images of SP-b and SP-c incorporated PDMS. 
 
 The rates for the de-coloration of SPs are significantly changed by its electronic structure, 
which is shown in Figure 3.22. The tensile specimens were stretched and held at around ε = 2 for 
20 min. After the specimen was released to no force condition, the change in maximum absorbance 
was measured with time. The data were fitted to a single-exponential decay equation (10) with a 
delay time constant (τ0). The delay time constant for SP-b is one order of magnitude higher than 
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Figure 3.22. Deactivation kinetics of SP-b or SP-c linked PDMS. (a) Absorption spectra of 
mechanically activated SP-b linked PDMS. The spectrum was collected in every 30 seconds under 
continuous exposure of halogen lamp. (b) Change in absorbance at 573 nm as a function of time 
and corresponding fit to Eq. (10) (red line). (c) Absorption spectra of mechanically activated SP-
c PDMS. The spectrum was taken in every 5 seconds with the same condition for SP-b 
measurement. (d) Change in absorbance at 591 nm as a function of time and corresponding fit to 
Eq. (10) (red line). (e) Decay time constants for SP-b and SP-c in the PDMS. The error bar 
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3.4 Conclusion 
The mechanochemical activity of three SP mechanophores was evaluated in bulk PDMS materials. 
An in situ fluorescence technique was used to quantify formation of the MC species under both 
tension and shear activation for SP-a and SP-b. Both SP-a and SP-b isomers were found to activate 
at similar strain and stress values for the tensile and shear tests, indicating that mechanophore 
activation in bulk polymeric materials is largely governed by the characteristic properties of the 
polymeric matrix. The reaction kinetics for the SP—MC transition under different values of a 
macroscopic tensile stress was measured. For both SP-a and SP-b isomers, the forward rate 
constant increases, while the reverse rate constant decreases proportionately with applied stress. 
Also, the difference in mechanophore reactivity (rate constant vs applied stress) was not 
statistically different for SP-a and SP-b. For SP-b and SP-c mechanophores, we found out that 
electronic structures influences the equilibrium condition of the SP/MC transition but also 
significantly alter the kinetics of the reverse transition. These results serve as a guide for 
understanding how mechanophore design affects the mechanochemical phenomena in bulk 
polymers. 
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CHAPTER 4  




Kauzmann and Eyring proposed the concept of a modified potential energy surface in the presence 
of a constant linear force.6 The applied force reduces the activation barrier of a reaction by coupling 
mechanical work to the nuclear motions associated with the reaction. The change in activation 
energy by the mechanical force is expressed as the applied force times the activation length (Δx). 
The activation length is the difference in nuclear position at the transition state relative to that of 
the reactant, projected along the vector of applied force.44 Therefore, it is important to know how 
well the force is transduced to the reaction pathway (Δx) when designing mechanophores. 
 Several examples demonstrate the importance of matching the reaction coordinate of a desired 
reaction to the direction of applied force. For instance, enhanced mechanical reactivity of gem-
dihalocyclopropane mechanophores in different polymer backbones was explained by the 
activation length concept.34 These researchers quantified the activation length for two 
mechanophore-linked polymers, polynorbornene (PNB) and polybutadiene (PB), by fitting the 
single molecular force–extension curve to the Kauzmann-Erying/Bell-Evans equation. The 
activation length for the PNB scaffold was 0.3 Å longer than that for the PB polymer, 
corresponding to a 103-fold differential rate acceleration in the PNB backbone. The cyclopentyl 
rings in the PNB backbone maintain a better alignment of the mechanophore with the direction of 
applied tension, while the PB polymers lose alignment upon activation. Recently, four different 
isomers of furan/maleimide adducts were synthesized to investigate the regio- and stereochemical 
effects in the force-accerelated retro-Diels-Alder reaction.41 The difference in mechanochemical 
reactivity of these mechanophores was rationalized by how the scissile bond in the mechanophore 
aligns with the force vector in the stretched intermediates. 
 In Chapter 3, we investigated the effects of pulling points on the mechanical reactivity of two 
spiropyran (SP) mechanophores. However, the results from two mechanophores may not be 
enough to fully understand the regiochemical effects, in particular, the geometric constraints 
imposed on the molecules under mechanical stress. It is challenging to synthesize different SP 
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isomers because some of SPs are too unstable and easily degrade to lose the photochromic 
properties. 
 Naphthopyrans (NP) are phothochromic molecules that reversibly transform into colored 
merocyanines (MC) under UV light. Analogous to SPs, the photochromism is attributed to rupture 
of the carbon–oxygen (C–O) bond of the pyran ring.82 Although the chemistry of NPs including 
synthesis, properties, and reactions is well documented,83 the mechanochemical activity of the NPs 
has not been explored. Here, we introduce a new mechanochromic molecules based on NP, 
specifically the 3H-naphtho[2,1-b]pyran skeleton. We investigate the mechanochemical activation 
of six different NP regioisomers in bulk polymeric materials using in situ optical measurements. 
The absorbance change as a function of applied stress for each NP correlates with density 
functional theory (DFT) calculations and a geometrical analysis of the forces acting on the 
molecule. Additionally, a NP mechanophore is combined with the SP-b mechanophore (Chapter 
3) in a PDMS matrix to yield interesting color changes due to the different activation kinetics. 
 
4.2 Materials and Methods 
4.2.1 Naphthopyran regioisomers 
Six different NP regioisomers were synthesized by Maxwel Robb and Abigail Halmes. 
 
 
General procedure for the synthesis of NPs 
NPs were synthesized following a similar procedure by Heron and coworkers.84,85 A round bottom 
flask was charged with hydroxyethoxy-2-naphthol (1 equiv), 1-(4-hydroxyphenyl)-1-phenylprop-
2-yn-1-ol (1.3 equiv), acidic alumina, and toluene. After refluxing for 18–19 h, the reaction 
mixture was filtered through a short plug of SiO2 gel, eluting with ethyl acetate. The filtrate was 







Following the general procedure, 3-(2-hydroxyethoxy)naphthalene-2-ol (516 mg, 2.53 mmol) was 
combined with 1-(4-hydroxyphenyl)-1-phenylprop-2-yn-1-ol (739 mg, 3.30 mmol) and acidic 
alumina (1.98 g) in 30 mL of toluene and refluxed for 18 h. Purification by column 
chromatography (15–100% EtOAC/hexanes) provided the title compound as a red solid (683 mg, 
66%). 
1H NMR (500 MHz, Acetone-d6) δ: 4.00 (t, J = 5.0 Hz, 2H), 4.05 (bs, 1H), 4.26 (t, J = 4.9 Hz, 
2H), 6.53 (d, J = 9.9 Hz, 1H), 6.75–6.81 (m, 2H), 7.19–7.25 (m, 1H), 7.26–7.36 (m, 5H), 7.37–
7.44 (m, 3H), 7.57–7.63 (m, 2H), 7.68 (dd, J = 7.9, 1.5 Hz, 1H), 7.96 (dd, J = 8.4, 1.4 Hz, 1H), 
8.37 (bs, 1H ppm).  13C{1H} NMR (125 MHz, Acetone-d6) δ: 61.3, 71.5, 83.0, 110.1, 115.5, 116.6, 
120.3, 122.0, 125.0, 125.2, 126.0, 127.4, 128.0, 128.8, 129.1, 130.3, 130.6, 136.8, 143.5, 146.3, 
149.3, 157.7 ppm (two peaks overlap).  HRMS (ESI, m/z): calcd for [C27H23O4]+ (M+H)+, 




Following the general procedure, 4-(2-hydroxyethoxy)naphthalene-2-ol (168 mg , 0.820 mmol), 
1-(4-hydroxyphenyl)-1-phenylprop-2-yn-1-ol (239 mg, 1.10 mmol), and acidic alumina (639 mg) 
were combined in 8 mL toluene and refluxed overnight. Purification with column chromatography 
yielded a red solid (114 mg, 34%) 
1H NMR (499 MHz, Acetone-d6) δ 3.95 – 4.09 (m, 2H), 4.17 (d, J = 5.9 Hz, 1H), 4.23 – 4.31 (m, 
2H), 6.24 (d, J = 9.9 Hz, 1H), 6.67 – 6.84 (m, 3H), 7.17 – 7.41 (m, 6H), 7.43 – 7.59 (m, 4H), 8.00 
(d, J = 8.5 Hz, 1H), 8.15 – 8.27 (m, 1H), 8.37 (s, 1H). C NMR (126 MHz, Acetone) δ 61.3, 71.3, 
83.3, 99.1, 108.2, 115.5, 120.0, 122.0, 122.5, 123.5, 123.6, 126.1, 127.5, 128.0, 128.2, 128.8, 
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129.2, 131.5, 137.0, 146.7, 152.5, 157.1. HRMS (ESI, m/z): calcd for [C27H23O4]+ (M+H)+, 




Following the general procedure, 5-(2-hydroxyethoxy)naphthalene-2-ol (50.0 mg , 0.245 mmol), 
1-(4-hydroxyphenyl)-1-phenylprop-2-yn-1-ol (72.7 mg, 0.324 mmol), and acidic alumina (189 
mg) were combined in 2.4 mL toluene and refluxed overnight. Purification with column 
chromatography yielded a red solid (67.4 mg, 67%). 
1H NMR (499 MHz, Acetone-d6) δ 3.97 – 4.05 (m, 2H), 4.22 (dd, J = 5.3, 4.4 Hz, 3H), 6.41 (d, J 
= 10.0 Hz, 1H), 6.74 – 6.86 (m, 3H), 7.15 – 7.29 (m, 2H), 7.29 – 7.45 (m, 6H), 7.47 – 7.58 (m, 
2H), 7.59 – 7.73 (m, 1H), 8.22 (dd, J = 9.1, 0.8 Hz, 1H), 8.44 (s, 1H13C NMR (126 MHz, Acetone) 
δ 30.6, 61.4, 70.9, 82.9, 104.0, 114.6, 114.9, 115.6, 117.8, 120.4, 122.1, 124.9, 127.5, 128.0, 128.1, 
128.8, 129.2, 129.4, 132.0, 136.8, 146.4, 151.9, 156.1, 157.7, 205.9, 206.3, 211.4. HRMS (ESI, 




Following the general procedure, 6-(2-hydroxyethoxy)naphthalene-2-ol (271 mg, 1.33 mmol) was 
combined with 1-(4-hydroxyphenyl)-1-phenylprop-2-yn-1-ol (383 mg, 1.71 mmol) and acidic 
alumina (1.05 g) in 17 mL of toluene and refluxed for 18 h. Purification by column 
chromatography (15–100% EtOAC/hexanes) provided the title compound as a red solid (332 mg, 
61%). 
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1H NMR (500 MHz, Acetone-d6) δ: 3.91 (t, J = 4.8 Hz, 2H), 4.05 (bs, 1H), 4.13 (t, J = 4.9 Hz, 
2H), 6.40 (d, J = 9.9 Hz, 1H), 6.76–6.82 (m, 2H), 7.13–7.26 (m, 4H), 7.29–7.35 (m, 4H), 7.39 (d, 
J = 9.8 Hz, 1H), 7.49–7.54 (m, 2H), 7.63 (d, J = 8.8 Hz, 1H), 7.98 (d, J = 9.2 Hz, 1H), 8.40 (bs, 
1H) ppm.  13C{1H} NMR (125 MHz, Acetone-d6) δ: 61.3, 70.5, 82.8, 108.5, 115.4, 115.6, 119.4, 
120.2, 120.3, 123.8, 125.9, 127.5, 128.0, 128.8, 129.2, 129.3, 129.7, 131.4, 136.9, 146.5, 149.8, 




Following the general procedure, 7-(2-hydroxyethoxy)naphthalene-2-ol (394 mg, 1.93 mmol) was 
combined with 1-(4-hydroxyphenyl)-1-phenylprop-2-yn-1-ol (567 mg, 2.53 mmol) and acidic 
alumina (1.52 g) in 24 mL of toluene and refluxed for 19 h. Purification by column 
chromatography (15–100% EtOAC/hexanes) provided the title compound as a red solid (496 mg, 
63%). 
1H NMR (500 MHz, Acetone-d6) δ: 3.96 (t, J = 4.9 Hz, 2H), 4.24 (t, J = 4.9 Hz, 2H), 6.37 (d, J = 
10.0 Hz, 1H), 6.80–6.85 (m, 2H), 7.00 (dd, J = 8.9, 2.4 Hz, 1H), 7.07 (d, J = 8.7 Hz, 1H), 7.21–
7.26 (m, 1H), 7.29–7.37 (m, 4H), 7.42 (d, J = 10.1 Hz, 1H), 7.44 (d, J = 2.4 Hz, 1H), 7.50–7.55 
(m, 2H), 7.65 (dd, J = 10.1, 8.9 Hz, 2H), 8.45 (bs, 1H) ppm.  13C{1H} NMR (125 MHz, Acetone-
d6) δ: 61.2, 70.3, 82.7, 102.0, 114.2, 115.4, 116.2, 116.9, 120.1, 125.4, 127.2, 127.8, 128.5, 128.6, 
129.0, 130.2, 130.6, 132.0, 136.7, 146.3, 151.8, 157.4, 158.8 ppm.  HRMS (ESI, m/z): calcd for 







Following the general procedure, 8-(2-hydroxyethoxy)naphthalene-2-ol (152 mg , 0.744 mmol), 
1-(4-hydroxyphenyl)-1-phenylprop-2-yn-1-ol (217 mg, 0.968 mmol), and acidic alumina (537 mg) 
were combined in 7.5 mL toluene and refluxed overnight. Purification with column 
chromatography yielded a red solid (218 mg, 71%). 
1H NMR (500 MHz, Acetone-d6) δ 4.01 – 4.13 (m, 3H), 4.21 (t, J = 4.7 Hz, 2H), 6.20 (d, J = 10.2 
Hz, 1H), 6.78 (d, J = 8.7 Hz, 2H), 6.95 (dd, J = 7.7, 1.1 Hz, 1H), 7.13 – 7.26 (m, 3H), 7.28 – 7.40 
(m, 5H), 7.47 – 7.59 (m, 2H), 7.68 (d, J = 8.8 Hz, 1H), 8.30 (dd, J = 10.2, 0.8 Hz, 1H), 8.36 (s, 
1H). 13C NMR (126 MHz, Acetone) δ 61.4, 71.5, 109.0, 115.6, 119.8, 122.3, 124.7, 125.7, 127.2, 
127.6, 128.0, 128.8, 129.3, 130.8, 132.7, 137.0, 146.7, 152.0, 157.2, 157.7.HRMS (ESI, m/z): calcd 
for [C27H23O4]+ (M+H)+, 411.1596; found, 411.1580. 
 
 
General procedure for functionalization of NPs 
NPs were functionalized with pentenoate groups to facilitate covalent incorporation into PDMS 
networks via Pt-catalyzed hydrosilylation chemistry.12 Hydroxyl-functionalized naphthopyran was 
combined with pentenoic anhydride, triethylamine, and DMAP in THF and stirred overnight at 
room temperature. The reaction mixture was diluted with ethyl acetate and washed consecutively 
with 10% NaHSO4 (2 x 50 mL), 10% NaHCO3 (2 x 50 mL), and brine (50 mL). The organic phase 
was dried over MgSO4, filtered, concentrated under reduced pressure, and the crude product was 








Following the general procedure, 5-(2-hydroxyethoxy)-3-(4-hydroxyphenyl)-3-phenyl-3H-
naphtho[2,1-b]pyran (591 mg, 1.44 mmol) was combined with pentenoic anhydride (605 µL, 3.31 
mmol), triethylamine (425 µL, 3.05 mmol), and DMAP (44.0 mg, 0.360 mmol) in 14 mL of THF 
and stirred overnight at room temperature. Purification by column chromatography (5–50% 
EtOAC/hexanes) provided the title compound as an orange, viscous oil (708 mg, 86%). 
1H NMR (500 MHz, Acetone-d6) δ: 2.31–2.38 (m, 2H), 2.39–2.49 (m, 4H), 2.64 (t, J = 7.3 Hz, 
2H), 4.40–4.45 (m, 2H), 4.54 – 4.60 (m, 2H), 4.88–5.14 (m, 4H), 5.77–5.94 (m, 2H), 6.65 (d, J = 
9.9 Hz, 1H), 7.05–7.10 (m, 2H), 7.22–7.27 (m, 1H), 7.28–7.38 (m, 5H), 7.48 (d, J = 9.9 Hz, 1H), 
7.61–7.67 (m, 4H), 7.68–7.72 (m, 1H), 7.99 (dd, J = 8.2, 1.3 Hz, 1H) ppm.  13C{1H} NMR (125 
MHz, Acetone-d6) δ: 29.6, 29.7, 34.0, 34.0 (peaks overlap), 63.4, 67.8, 82.7, 110.4, 115.9, 116.1, 
116.8, 120.9, 122.2, 122.3, 125.3, 125.5, 126.1, 127.3, 128.2, 128.4, 128.5, 129.0, 129.8, 130.6, 
137.7, 137.9, 143.2, 143.4, 145.8, 148.7, 151.2, 171.7, 173.1 ppm.  HRMS (ESI, m/z): calcd for 





Following the general procedure, 6-(2-hydroxyethoxy)-3-(4-hydroxyphenyl)-3-phenyl-3H- 
naphtho[2,1-b]pyran (94.0 mg, 0.229 mmol) along with 4-pentenoic anhydride (100 µL, 0.550 
mmol), triethylamine (80 µL, 0.550 mmol), and DMAP (4.2 mg, .022 mmol) were dissolved in 2.3 
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mL dry THF and stirred overnight at room temperature. Purification by column chromatography 
yielded an orange viscous oil (90.8 mg, 74%). 
1H NMR (500 MHz, Acetone-d6) δ 2.30 – 2.38 (m, 2H), 2.44 (q, J = 7.4 Hz, 4H), 2.65 (t, J = 7.3 
Hz, 2H), 4.45 (dd, J = 5.6, 3.4 Hz, 2H), 4.59 (dd, J = 5.8, 3.3 Hz, 2H), 4.86 – 5.17 (m, 3H), 5.86 
(dddt, J = 33.3, 16.8, 10.4, 6.4 Hz, 3H), 6.33 (d, J = 9.9 Hz, 1H), 6.83 (s, 1H), 7.09 (d, J = 8.6 Hz, 
2H), 7.21 – 7.29 (m, 1H), 7.29 – 7.43 (m, 4H), 7.47 – 7.59 (m, 4H), 8.03 (d, J = 8.5 Hz, 1H), 8.13 
(d, J = 8.4 Hz, 1H). 13C NMR (126 MHz, Acetone) δ 33.9, 34.0, 63.1, 67.7, 83.2, 99.2, 108.6, 
115.7, 116.0, 120.5, 122.1, 122.2, 122.5, 123.3, 124.0, 125.8, 127.5, 128.3, 128.5, 128.7, 129.0, 
131.5, 137.6, 137.8, 143.6, 146.0, 151.1, 152.2, 156.8, 171.7. HRMS (ESI, m/z): calcd for 





Following the general procedure, 7-(2-hydroxyethoxy)-3-(4-hydroxyphenyl)-3-phenyl-3H- 
naphtho[2,1-b]pyran (30.3 mg, 0.074 mmol) along with 4-pentenoic anhydride (32 µL, 0.180 
mmol), triethylamine (25 µL, 0.180 mmol), and DMAP (2.3 mg, .018 mmol) were dissolved in 1 
mL dry THF and stirred overnight at room temperature. Purification by column chromatography 
yielded an orange viscous oil (36.7 mg, 87%). 
1H NMR (500 MHz, Acetone-d6) δ 2.30 – 2.48 (m, 8H), 4.35 (dd, J = 5.3, 3.8 Hz, 2H), 4.55 (d, J 
= 9.2 Hz, 2H), 4.86 – 5.21 (m, 4H), 5.77 – 6.00 (m, 2H), 6.48 (dd, J = 10.0, 1.1 Hz, 1H), 6.82 (d, 
J = 7.7 Hz, 1H), 7.04 – 7.14 (m, 2H), 7.21 – 7.29 (m, 2H), 7.38 – 7.49 (m, 2H), 7.52 – 7.60 (m, 
4H), 7.65 (d, J = 8.6 Hz, 1H), 8.14 (d, J = 9.0 Hz, 1H). 13C NMR (126 MHz, Acetone) δ 33.5, 33.9, 
33.9, 63.2, 67.3, 82.7, 104.4, 115.0, 115.0, 115.5, 115.7, 116.0, 117.9, 120.8, 122.1, 122.2, 124.8, 
127.5, 128.2, 128.3, 128.7, 128.9, 129.0, 132.0, 137.6, 137.8, 138.1, 143.3, 145.7, 151.1, 151.8, 





Following the general procedure, 8-(2-hydroxyethoxy)-3-(4-hydroxyphenyl)-3-phenyl-3H-
naphtho[2,1-b]pyran (225 mg, 0.548 mmol) was combined with pentenoic anhydride (220 µL, 1.20 
mmol), triethylamine (170 µL, 1.22 mmol), and DMAP (15.9 mg, 0.130 mmol) in 5 mL of THF 
and stirred overnight at room temperature. Purification by column chromatography (5–40% 
EtOAC/hexanes) provided the title compound as a yellow, viscous oil (208 mg, 66%). 
1H NMR (500 MHz, Acetone-d6) δ: 2.30–2.37 (m, 2H), 2.39–2.46 (m, 4H), 2.65 (t, J = 7.3 Hz, 
2H), 4.27–4.31 (m, 2H), 4.43–4.47 (m, 2H), 4.91–5.14 (m, 4H), 5.78–5.95 (m, 2H), 6.48 (d, J = 
9.9 Hz, 1H), 7.06–7.11 (m, 2H), 7.18 (dd, J = 9.2, 2.6 Hz, 1H), 7.21–7.28 (m, 3H), 7.31–7.36 (m, 
2H), 7.45 (d, J = 10.0 Hz, 1H), 7.52–7.57 (m, 4H), 7.66 (d, J = 8.8 Hz, 1H), 8.01 (d, J = 9.2 Hz, 
1H) ppm.  13C{1H} NMR (125 MHz, Acetone-d6) δ: 29.6, 29.7, 33.9, 34.0, 63.5, 67.0, 82.7, 108.8, 
115.5, 115.8, 116.1, 119.6, 120.3, 120.8, 122.3, 124.1, 126.1, 127.6, 128.4, 128.8, 129.1, 129.3, 
129.7, 131.5, 137.7, 137.9, 143.5, 145.9, 149.8, 151.2, 156.2, 171.8, 173.1 ppm.  HRMS (ESI, 








Following the general procedure, 9-(2-hydroxyethoxy)-3-(4-hydroxyphenyl)-3-phenyl-3H-
naphtho[2,1-b]pyran (276 mg, 0.672 mmol) was combined with pentenoic anhydride (270 µL, 1.48 
mmol), triethylamine (210 µL, 1.51 mmol), and DMAP (17.1 mg, 0.140 mmol) in 6 mL of THF 
and stirred overnight at room temperature. Purification by column chromatography (5–40% 
EtOAC/hexanes) provided the title compound as a yellow, viscous oil (316 mg, 82%). 
1H NMR (500 MHz, Acetone-d6) δ: 2.31–2.37 (m, 2H), 2.39–2.47 (m, 4H), 2.65 (t, J = 7.4 Hz, 
2H), 4.37–4.42 (m, 2H), 4.45–4.50 (m, 2H), 4.92–5.14 (m, 4H), 5.79–5.95 (m, 2H), 6.46 (d, J = 
10.0 Hz, 1H), 7.02 (dd, J = 8.9, 2.4 Hz, 1H), 7.07–7.13 (m, 3H), 7.23–7.28 (m, 1H), 7.31–7.37 (m, 
2H), 7.48 (d, J = 2.5 Hz, 1H), 7.50 (d, J = 10.0 Hz, 1H), 7.52–7.58 (m, 4H), 7.69 (t, J = 9.1 Hz, 
2H) ppm.  13C{1H} NMR (125 MHz, Acetone-d6) δ: 29.6, 29.7, 34.0, 34.0, 63.5, 67.0, 82.8, 102.5, 
114.6, 115.9, 116.1, 116.7, 117.2, 120.9, 122.3, 126.0, 127.6, 128.4, 128.4, 128.8, 129.1, 130.7, 
131.1, 132.2, 137.7, 137.9, 143.5, 145.9, 151.2, 152.0, 158.8, 171.8, 173.2 ppm.  HRMS (ESI, 










Following the general procedure, 10-(2-hydroxyethoxy)-3-(4-hydroxyphenyl)-3-phenyl-3H- 
naphtho[2,1-b]pyran (97.9 mg, 0.238 mmol) along with 4-pentenoic anhydride (104 µL, 0.570 
mmol), triethylamine (79 µL, 0.570 mmol), and DMAP (5.1 mg, .042 mmol) were dissolved in 2.4 
mL dry THF and stirred overnight at room temperature. Purification by column chromatography 
yielded an orange viscous oil (84.8 mg, 62%). 
1H NMR (500 MHz, Acetone-d6) δ 2.32 – 2.48 (m, 4H), 2.49 – 2.58 (m, 2H), 2.64 (t, J = 7.3 Hz, 
2H), 4.31 – 4.42 (m, 2H), 4.54 – 4.66 (m, 2H), 4.84 – 5.17 (m, 4H), 5.88 (dddt, J = 19.2, 16.8, 
10.2, 6.5 Hz, 2H), 6.28 (d, J = 10.1 Hz, 1H), 6.98 (dd, J = 7.7, 1.1 Hz, 1H), 7.03 – 7.13 (m, 2H), 
7.20 – 7.30 (m, 3H), 7.31 – 7.39 (m, 3H), 7.51 – 7.62 (m, 4H), 7.71 (d, J = 8.8 Hz, 1H), 8.20 (dd, 
J = 10.2, 0.8 Hz, 1H). 13C NMR (126 MHz, Acetone) δ 34.0, 34.0, 63.3, 67.6, 81.5, 109.0, 115.8, 
116.0, 119.8, 122.2, 122.6, 122.7, 124.8, 125.9, 126.6, 127.5, 128.2, 128.7, 128.9, 131.0, 132.7, 
137.6, 137.9, 143.5, 145.9, 151.1, 151.9, 156.6, 171.7, 173.1. HRMS (ESI, m/z): calcd for 
[C37H35O6]+ (M+H)+, 575.2434; found, 575.2433. 
 
4.2.2 Preparation of PDMS tensile specimens incorporating mechanophores  
PDMS was chosen as a platform because of its relatively high strain to failure, good mechanical 
strength, and optical transparency.12 A bis-alkene functionalized NP (1 wt%) was incorporated 
into PDMS via platinum cure hydrosilylation, the same chemistry used to form the covalent 
network in the polymer. 
 For NP regioisomer studies, each NP regioisomer (11 mg) was dissolved in 0.2 ml xylene. 
Sylgard 184® prepolymer base (1 g) and curing agent (0.1 g) were added and the contents were 
thoroughly mixed for 10 min using a vortex mixer. The mixture was then poured into a dog-bone 
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shaped Delrin® mold (gage length: 10 mm; width: 2 mm; thickness: 0.7 mm) and evacuated in a 
vacuum oven for 20 min. Then, the temperature was raised to 85 °C and further cured for 20 h. 
 For NP/SP mixture studies, three vials were preparing containing NP5 (16 mg), SP-b (3 mg), 
and both NP5 (16 mg) and SP-b (3mg). 0.2 ml of xylene was added to dissolve the mechanophores, 
followed by adding Sylgard 184® prepolymer base (1 g) and curing agent (0.1 g). The same curing 
procedure reported above was followed. 
 
4.2.3 In situ mechanical/visible absorption measurements 
Visible absorption spectra were acquired for dog-bone shaped PDMS specimens using a custom 
uniaxial load frame (IMAC Motion Control Corp.). The testing setup is illustrated in Figure 4.1. 
The specimens were uniaxially stretched at a strain rate of 0.005 s-1 by two opposing actuators and 
the load was monitored with a 50-lb capacity Honeywell Sensotec sensor. Absorption spectra were 
acquired using an Ocean Optics D-2000 deuterium light source and Ocean Optics HR2000+ 
spectrometer. A 400 nm long-pass filter was placed between the specimen and the light source to 
exclude UV light. After the specimen was deformed in tension to a certain deformation ratio, 
absorption spectra were collected every 5 min. True stress was calculated by measuring the 
dimensions of the deformed specimen.  
 
 
Figure 4.1. Mechanical testing setup with in situ visible absorption characterization. 
 
4.2.4 Digital image analysis 
The photographs were acquired using a color CCD camera (AVT Stingray F504c) with a CCD 
resolution of 1388×1038 pixels and 60 mm lens (AF Micro-Nikkor 60 mm F/2.8 D, Nikon, Japan). 
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RGB value of the gage section of the sample was collected and converted to the (x,y) value for the 
CIE 1931 chromaticity diagram. 
 
4.2.5 CoGEF Analysis of NP regioisomers 
Constrained geometries simulate external force (CoGEF) calculations were performed using 
Spartan® ′14 software according to previously reported methods. Ground state energies were 
calculated using DFT at the B3LYP/6-31G* level of theory. Starting from the equilibrium 
geometry of the unconstrained molecules (energy = 0 kJ/mol), the distance between the terminal 
methyl ether groups of the NP structures was increased in increments of 0.1 Å (0.05 Å in the region 
surrounding the breaking point) and the energy was minimized at each interval. The maximum 
force associated with each covalent transformation was calculated from the slope of the curve 
immediately prior to bond cleavage. 
 The structures of NP regioisomers from CoGEF calculations taken immediately prior to bond 
cleavage were saved as Protein Data Bank (pdb) files and imported into Vesta®.86 The atomic 
coordinates were then used to calculate representative vectors. Oxygen atoms from methyl ether 
groups of the NPs were chosen as end points to approximate the external force vector to minimize 
the number of degrees of freedom compared to the methyl carbon atoms, where small 
conformational changes result in significantly different directionality of the calculated force.  
 
4.3 Results 
4.3.1 Identification of NP mechanophores from CoGEF analysis 
Reversible NP—MC transition and its numbering system is shown in Figure 4.2a. Varying the 




Figure 4.2. (a) Transformation of naphthopyran (NP) into a colored merocyanine (MC) species 
with various stimuli. The numbering system of 3H-naphtho[2,1-b]pyrans is denoted. (b) The full 
set of NP regioisomers studied in this work. 
 
 DFT calculations using CoGEF were initially performed to investigate the mechanochemical 
reactivity of six NP regioisomers (Figure 4.3a). Starting from the equilibrium geometry of each 
molecule, the distance between the methyl groups was increased, and the constrained geometry 
was optimized at distinct intervals of elongation. Two regioisomers, NP5 and NP6, exhibited 
selective cleavage of the C–O pyran bond and successful transformation to the merocyanine 
species with an estimated rupture force (Fmax) of 4.1 nN and 4.73 nN, respectively. In direct 
contrast, however, other regioisomers predicted to undergo homolytic cleavage of one of the 
methyl ether bonds at a significantly greater force of 6.0 nN. 
 We further evaluated the geometrical constraints imposed on the molecule under mechanical 
stress. Based on prior anaylsis,18 we were particularly interested in analyzing the alignment of the 
pyran bond with the direction of applied force for each NP isomer. From the highly constrained 
molecular structures obtained from CoGEF calculations immediately prior to bond rupture, the 
angle between the vector of applied tension and the vector representing the C–O pyran bond was 
calculated for each regioisomer. Figure 4.3b shows the representative geometric analysis of NP5. 





































































of the elongated structure ( , yellow arrow), while a second vector is defined along the C–O 
pyran bond ( , red arrow). Similar analyses were constructed for the other NP isomers in Figure 
4.2. A relatively shallow angle was calculated between these two vectors for NP5 (31°) and NP6 
(35°), indicating good alignment of the C–O pyran bond with the direction of applied force. For 
NP7, NP8, NP9 and NP10, this angle increases to 43°, 55°, 65°, and 66°, respectively. The rupture 
force and the angle for each NP isomer are summarized in Figure 4.3c. 
 
 
Figure 4.3. (a) CoGEF calculation results for the series of NP isomers. (b) Geometric evaluation 
of constrained NP5 structure obtained from CoGEF calculations at displacements immediately 
prior to bond cleavage. (c) The angle between the applied force direction and the C–O pyran bond 
and Fmax for each regioisomer. 
 
4.3.2 Mechanical response of NP-PDMS 
Next, we examined the mechanical activation of the NP series in a host PDMS matrix under tensile 









in Figure 4.4. The NP-PDMS films were clear or slightly yellow in color prior to UV exposure or 
tensile loading. Due to the photochromic nature of the NP, illumination with 365 nm UV light 
caused all of the NP-PDMS specimens to change in color to a darker yellow or orange. Under 
tensile loading, only the PDMS films incorporating NP5, NP6, or NP7 changed color in the gage 
section. The mechanochemical activity of NP5 and NP6 were clearly predicted by the CoGEF 
calculations of Fmax in Figure 4.3. The response of NP7 was more surprising but may be attributed 
to greater alignment with applied force (Figure 4.3c). Representative stress–strain curves for NP5-
, NP6-, and NP7-PDMS are shown in Figure 4.5. The initial stress–strain response for these 
materials is quite similar but deviates more at higher strain values.  
 
 
Figure 4.4. Photographs of PDMS materials incorporating naphthopyran in the pristine state, after 
application of mechanical force (tension), and after UV light is exposed. Three mechanophores 




Figure 4.5. Representative stress–strain curves for mechanically active NP-PDMS specimens 
tested at a strain rate of 0.005 s-1 
 
 We compared the absorption spectrum of the mechanically activated MC to that of the 
photochemically activated one (Figure 4.6). For all of the NP mechanophores, λmax is defined as 
a particular wavelength that the absorbance achieved a maximum value. The absorption spectrum 
of NP6 was red-shifted and became broader when stretched compared to UV activation. For NP5, 
λmax of the mechanically activated MC state was slightly blue-shifted, while NP7 exhibited a more 
similar absorption pattern to the UV-activated one. These complex transitions in the shape and 
λmax for each NP mechanophore arise from a force-biased shift in equilibrium between two 
isomeric MC forms (trans–cis and trans–trans).87 Similar behavior was also observed from SP-
incoporated PDMS materials.12 
 
 
Figure 4.6. UV-vis Absorption spectra of naphthopyran (NP) incorporated PDMS. (a) NP5-













4.3.3 NP–MC mechanochemical reaction kinetics in PDMS 
We also conducted a separate set of experiments with mechanochemically active specimens (NP5, 
NP6, and NP7) held at constant strain (and nearly constant stress) to evaluate the kinetics of the 
NP–MC reaction in PDMS. As shown in Figure 4.7, the yellow-orange color of the specimens 
became more intense with time. Since applied stress alters the potential energy surface for the 
transition of NP–MC, the equilibrium constant is shifted toward the MC state. This force-induced 
equilibrium shift was also observed from SP mechanophore-linked polymeric materials.35,46 
 
Figure 4.7. Photographs of NP-PDMS specimens under constant strain of 2.3. (the average true 
stress for each specimen over the measurement time was ~6.1 MPa). Each image was taken every 
1 hour after the specimen was stretched to a load value of 4.8 N.  
 
 To quantify the formation of MC under tensile loading, we performed in situ visible absorption 
measurement for a range of strain (as described previously for SP-PDMS). The strain in these 
experiments was kept fairly low (corresponding to an average stress of less than 4.6 MPa) since 
the initial stress–strain response was quite similar for the different isomers but deviated a higher. 
The change in absorbance as a function of time is presented in Figure 4.8 for different NP-PDMS 
specimens held at constant strain of 1.3. An increase in the UV–vis absorption spectrum was 
observed with time for each active NP mechanophore. After 4 hours, the absorbance at λmax 




Figure 4.8. In situ UV-vis absorption for NP-PDMS under a strain of 1.3. True stress relaxation 
curve for (a) NP5-PDMS, (b) NP6-PDMS, (c) NP7-PDMS. Representative change in absorbance 
spectrum (average true stress, σtrue = 4.6 MPa), at 5 min intervals for (d) NP5-PDMS 
(λmax=428.5nm), (e) NP6-PDMS (λmax=442.5nm) (f) NP7-PDMS (λmax=449nm). Solid arrow 
indicates increasing time from 0 min to 240 min. Absorbance value at λmax as a function of time 
for (g) NP5-PDMS, (h) NP6-PDMS, (i) NP7-PDMS. 
 
 A range of strains were tested corresponding to average applied stress values from 1–4.6 MPa 
(Figure 4.9). Figure 4.10 shows the maximum absorbance values at λmax for each NP 
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higher stress values and the slope for the absorbance change as a function of stress is lower than 
both NP5 and NP6. Absorbance (A) is a function of the molar concentration of an absorbing species 
(c), molar absorptivity coefficient (ε), and path length (l) according to Beer–Lambert law (A = εlc). 
It is unlikely that ε of the MC state has the same value for each NP-PDMS series. The ε for MC 
states in the PDMS matrix need to be characterized accurately correlate the mechanically generated 
MC concentration with stress levels. Unfortunately, determining the ε of MC states is difficult due 
to the significant instability of MC states. As a first approximation, we attempt to eliminate the 
effect of ε by normalizing the absorbance values by values from samples with known MC 
concentration. Here, the absorbance measured from UV equilibrated (photo-activated) NP-PDMS 
was used as a normalization factor. We assumed that the ε of MC states driven by mechanical force 
is similar with that obtained under UV light. The normalized absorbance values are proportionally 
related to the concentration of MC generated under mechanical stimulus (cmech) corresponding to 
the MC concentration (cUV) after UV exposure. 
 




















Figure 4.10. Maximum absorbance (after 4 h at constant strain) as a function of the average true 
stress values for (a) NP5-PDMS, (b) NP6-PDMS, and (c) NP7-PDMS. 
 
 The absorption spectra of pristine and UV equilibrated NP-PDMS specimens are shown in 
Figure 4.11. Several samples of each NP-PDMS were measured and absorbance values at λmax for 
UV equilibrated samples were averaged to get the normalization factor. The absorbance ratio of 
the pristine and UV exposed values was also calculated (Figure 4.11d). The trend in this ratio for 
the NP5, NP6, and NP7 somewhat correlates with the activation onset in Figure 4.10. However, 
defining the exact activation onset stress from this data is not highly reliable because different ε 






Figure 4.11. Absorbance change of pristine (solid lines) and UV activated (dashed lines) (a) NP5-
PDMS, (b) NP6-PDMS, (c) NP7-PDMS. For UV activated samples, UV light was exposed until 
the absorbance value was saturated (around 5 min). AUV is the average absorbance values of the 
UV activated samples at  max. (d) Comparison of the ratio of pristine absorbance value to UV 
activated for each NP. 
 
 The normalized absorbance (Anorm) was calculated by the following equation: 
  (2) 
where l0 is the initial thickness and le is the thickness at a strain value of e. 
 The Anorm as a function of stress for each NP mechanophore are summarized in Figure 4.12. 
The Anorm values correspond to the mechanically generated MC concentration relative to the photo-
activated MC concentration. For all NP mechanophores, the MC concentration is directly 
proportional to applied true stress value. The slope obtained from linear regression analysis, 
implying facilitated mechanophore activation, increases in the following order: NP7 < NP6 < NP5. 
The differences in slopes are also statistically significant at the 95% confidence value. This trend 













We infer that better alignment of the C–O pyran bond with the direction of the applied force results 
in more efficient mechanophore activation. 
 
 
Figure 4.12. Normalized absorbance as a function of average true stress values for (a) NP5-PDMS, 
(b) NP6-PDMS, and (c) NP7-PDMS. 
 
 We further investigated how mechanical force affects the mechanochromic activation kinetics 
of three regioisomeric mechanophores. Assuming the NP–MC transition follows first order 
kinetics and the forward rate constant (kf) is much faster than the reverse rate constant (kr), the rate 
constants at each stress level can be obtained by fitting the absorbance change in time to the 
following equation: 
  (3) 
The fitted curve and calculated rate constants for each NP mechanophore are summarized in 88 as 
a function of true stress. Based on Bell’s model for the force coupled reaction coordinate,88 the 
rate constant, k(F), depends exponentially on the applied force (F) and the activation length (Δx). 
At small values of FΔx, the exponential term is assumed a linear function, yielding the following 
form of the rate equation: 
  (4) 
Remarkably, the rate constant determined from our fit increases in a linear fashion with increasing 
applied stress. We hypothesize that the apparent force translated to the mechanophore from the 
applied macroscopic stress is significantly reduced and cannot be larger than thermal energy. In 
(a) (b) (c)
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addition, the slopes obtained from the linear regression, which is related to the activation length, 
are also similar for all NP mechanophores. The activation length (Δx) can be viewed as the change 
in polymer contour length resulted from the dimensional change between ground and transition 
state of mechanophore.34 Since same polymeric scaffold, PDMS, was used in this system, we 




Figure 4.13. Stress dependence of rate constants for NP-PDMS estimated from absorbance 
measurement. The change in absorbance measured under a constant strain of 1.3 (average true 
stress, σtrue = 4.6 MPa), fitted curve to Eq. 3 (gray dashed line) for (a) NP5-PDMS, (b) NP6-PDMS, 
(c) NP7-PDMS. The change in rate constant as a function of true stress values for (d) NP5-PDMS, 






NP5 NP6 NP7k = 0.0077 min-1 k = 0.017 min-1 k = 0.011 min-1
(d) (e) (f)







4.3.4 Response of combined NP5 and SP-b mechanophores in PDMS 
We further demonstrate how color-changing behavior can be altered by combination of two 
mechanochromic molecules, SP and NP. For this study, SP-b and NP5 mechanophores were 
chosen because they exhibit more vivid color change under tension. Three different tensile 
specimens were fabricated: SPb-PDMS, which incorporated only SP-b, NP5-PDMS, which 
incorporated only NP5, and SPb-NP5-PDMS, which combined SP-b and NP5 mechanophores in 
the same amounts as the single mechanophore specimens. Mechanochromic response was 
investigated at three different stress values as shown in Figure 4.14. The color change was 
monitored by taking digital images in every 5 minutes once the stress relaxed to a constant value. 
Figure 4.14 shows the stress relaxation curves and the corresponding digital images of 
mechanophore-linked PDMS at two time domains: right after reached to the defined load value (0 
h) and stress relaxing for 4 h. For SPb-PDMS or NP5-PDMS, they retain similar colors observed 
at 0 h, although more intense color is generated with time. However, SP-b/NP5 incorporated 
PDMS, exhibit distinct color changing behavior as a function of time. 
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Figure 4.14. Color change of stretched PDMS incorporating with (a) SP-b alone, (b) NP5 alone, 
and (c) a mixture of both SP-b and NP5 under different stress values. (Scale bar =  2 mm)  
 
 The gage section in the digital images were analyzed using the RGB (red, green, blue) color 
channels and the corresponding RGB values were converted into CIE 1931 XY color space,89 
which is shown in Figure 4.15a. The dotted area represents the possible colors produced by SP-b 
and NP5 mechanophores. For specimens with a single mechanophore (SPb-PDMS, NP5-PDMS), 
the color evolution followed a linear trajectory in CIE color space from light blue to intense blue 
or from light orange to orange (Figure 4.15b, c). Even for different applied stress levels, all the X, 
Y color parameters fall on the same line. Specimens with both mechanophores, SPb-NP5-PDMS 
exhibited a very different evolution of color (Figure 4.15d). Due to the more rapid kinetics for 




























SP-b mechanophores, the color parameters first followed similar trend with SPb-PDMS. Then, 
those values move to the similar direction with the NP5-PDMS. With those mixed mechanophores, 




Figure 4.15. Analysis of color evolution in (a) CIE 1931 x, y chromaticity diagram89. The dashed 
area contains the color region generated by SP-b or NP5 mechanophores. CIE 1931 x, y 
chromaticity diagram under different stress levels for (b) SPb-PDMS, (c) NP5-PDMS, (d) SPb-
NP5-PDMS. 
 
 We also investigate the effect of strain rate on color evolution. As summarized in Figure 4.16, 
the activation kinetics of SPb-PDMS and NP5-PDMS are different. At similar stress values, the 
activation rate constant for NP5 is 0.008 min-1, while that for SP-b is around 0.075 min-1, which is 
around 10 times faster than NP5. We hypothesized that the strain rate also influences the amount 
of activated mechanophores and the resulting color generated. At faster strain rates, NP5 
mechanophores are less likely to be activated SP-b mechanophore activation will be favored. At 
slower strain rates, more NP5 can be converted. The stress–strain curves for SPb-NP5-PDMS 















images of the SPb-NP5-PDMS specimens in the pristine, right before the failure, and after failure 
are summarized in Figure 4.17b. As anticipated, the slower strain rate allows more time to activate 
NP5 and leads to different color evolution than at the faster strain rate. 
 
 
Figure 4.16. Kinetic difference of spiropyran (SP-b) and naphthopyran (NP5) mechanophores 
under stress. (a) Stress relaxation curves for SP-b (blue) or NP5 (orange) incorporated PDMS. (b) 
Absorbance spectra of SPb-PDMS under stress relaxation. Measurement was performed in every 
1 minute. (c) Absorbance spectra of NP5-PDMS under stress relaxation. The spectrum was 
obtained in every 5 minutes. (d) The change in absorbance values at λmax as a function of time. The 





kf = 0.075 min-1
kf = 0.008 min-1
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Figure 4.17. Strain rate dependence on color-generation of SPb-NP5-PDMS. (a) Stress–strain 
curves for the specimens under two different strain rates: slow strain rate (0.0001 s-1) and fast strain 




Six NP regioisomers were synthesized and three were found to be mechanophores capable of color 
generation in polymeric materials under mechanical force. We further investigated the 
regiochemical effect of the mechanical reactivity of three NP mechanophores through in situ 
absorbance measurements under different applied tensile stresses. CoGEF calculations indicated 
that the mechanical reactivity of NPs increased as the C–O pyran bond aligned better with the 
direction of the applied mechanical force along the reaction coordinate. Furthermore, PDMS 
specimens were fabricated that incorporated both NP and SP mechanophores. Multiple color 
changing materials were observed due to the difference in activation kinetics of the two 
mechanophores, depending on the stress levels and deformation rate. This chapter provides 















CHAPTER 5  




The behavior of a composite material is governed by the properties of the reinforcing phase, the 
matrix, and the reinforcement/matrix interface.90 The reinforcement/matrix interface has 
significant effect on many composite properties. The interfacial area created by addition of the 
reinforcement phase can be quite extensive, particularly for nanoscale fillers.91,92 With smaller 
sized fillers, the total surface area is dramatically increased for a given filler loading, resulting in 
significantly different mechanical, thermal, chemical properties.93 The interface also needs to 
effectively transfer the applied stress from the matrix to the reinforcement, although too strong 
interfacial strength results in low toughness composites having catastrophic failure.94-99 
Researchers have developed the ways to improve the interfacial strength of fillers by physical or 
chemical treatments. These include UV or plasma treatment, heat treatment, mechanical beating, 
and grafted coupling agents.100 Lastly, when a composite is under load, experimental and 
theoretical results show that forces are typically concentrated at the interface of the composite.101 
Therefore, damage detection at the interface is important not only to understand the mechanical 
behaviors of composites but also to develop high performance materials. 
 Color-changing mechanophores are ideal candidates to track the load history of materials under 
mechanical load. These mechanophore-linked polymers can exhibit significant color change when 
the force is transferred to the mechanophores. Mostly, the color change occurs below the tensile 
strength and the color intensifies with increasing stress. A wide range of color-changing 
mechanophores have been developed and incorporated into a polymer backbone in the middle of 
the chains or as cross-linkers. However, only few studies have demonstrated the interfacial 
activation of mechanophores in composite materials. Li et al. first showed the mechanical 
activation of maleimide-anthracene mechanophores at the interface of SiO2 nanoparticles and 
poly(methyl acrylate) (PMA) in a solution using ultrasonication.101 In solid states, Takahiro et al. 
prepared SiO2/poly(butyl acrylate) composite with diarylbibenzofuranone (DABBF) 
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mechanophore using a sol-gel method and demonstrated the mechanical activation under 
tension.102 Even though the interfaces were not well-defined in this organic-inorganic hybrid 
composite, the researchers showed the indirect evidence of preferential activation of DABBF 
mechanophores at the interfaces between inorganic hard domains and organic soft domains. 
  Here, we investigate the mechanical activation behavior of spiropyran (SP) mechanophores at 
the interface of PMA and SiO2 nanoparticles. To construct well-defined mechanophore-
incorporated interfaces in composites, we synthesize asymmetrically functionalized SP 
mechanophores. SP-functionalized SiO2 nanoparticles are covalently linked to PMA through 
surface-initiated polymerization or cross-linking reaction. The mechanical activation of the 
composite materials is tested in both solution and solid states. Also, we compare the activation 
behavior of SP mechanophores when they are at the interfaces of hard and soft domains with that 
of SP linked to soft polymer chains. 
 
5.2 Experimental methods 
5.2.1 Materials 
Unless otherwise states, all reagents were purchased from Sigma-Aldrich and used as received. 
Deuterated solvents (chloroform-d, dimethyl sulfoxide-d6) were purchased from Cambridge 
Isotope Laboratories, Inc. Methyl acrylate (MA) was passed through a basic alumina filled column 
to remove inhibitors and subsequent bubbling with nitrogen to eliminate any oxygen. Copper wire 
was purchased from Fisher scientific. Micron-sized SiO2 particles were purchased from 
Polysciences, Inc. SiO2 nanoparticles were donated by Nissan Chemical in a dispersion of SiO2 





5.2.2 Synthesis of asymmetrically functionalized SPs 
5.2.2.1 Mechanically active SP 
 
Scheme 5.1. Synthesis of asymmetrically functionalized spiropyran 5 
 
Synthesis of 5-iodopent-1-ene (1) 
NaI (51.0 g, 338 mmol, 2 eq) was dispersed in 300 ml of dry acetone under N2 atmosphere. 5-
bromo-1-pentene (20.0 ml, 169 mmol, 1 eq) was added to the solution and refluxed at 85 °C for 2 
h. Precipitation was formed and the solution became yellow dispersion. The mixture was cooled 
to room temperature and diluted with 100 ml of distilled water. The product was extracted with 
dichloromethane three times, washed with brine, and dried over sodium sulfate. After filtering, the 
filtrate was concentrated in vacuo to yield a slightly yellowish liquid (27.7 g, 141 mmol, 83.5%). 
1H NMR (500 MHz, CDCl3): δ 5.75 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.13 – 4.97 (m, 2H), 3.19 (t, 
J = 6.9 Hz, 2H), 2.17 (dtt, J = 7.6, 6.5, 1.4 Hz, 2H), 2.00 – 1.83 (m, 2H). 13C NMR (126 MHz, 
CDCl3): δ 136.68, 116.06, 34.42, 32.56, 6.45. 
 
Synthesis of 2,3,3-trimethyl-1-(pent-4-en-1yl)-3H-indol-1-ium iodide5-iodipent-1-ene (3) 
2 (2.5 g, 15.7 mmol, 1 eq) was dissolved in 18 ml of dry toluene, followed by adding 1 (4.0 ml, 
32.6 mmol, 2 eq) to the solution. After refluxing at 120 °C for 23 h, the solution was cooled in an 
ice bath. The precipitate was collected and washed with toluene and cold diethyl ether several 





















1H NMR (500 MHz, d6-DMSO) δ 7.98 (d, J = 6.7 Hz, 1H), 7.93 – 7.77 (m, 1H), 7.72 – 7.52 (m, 
2H), 5.87 (dd, J = 17.2, 9.3 Hz, 1H), 5.06 (dd, J = 29.3, 13.8 Hz, 2H), 4.45 (t, J = 7.7 Hz, 2H), 2.84 
(s, 3H), 2.22 (q, J = 7.2 Hz, 2H), 2.06 – 1.85 (m, 2H), 1.54 (s, 6H). 13C NMR (126 MHz, d6-
DMSO) δ 196.61, 141.85, 141.05, 137.14, 129.41, 128.95, 123.52, 115.85, 115.40, 54.18, 47.20, 
29.90, 26.17, 22.01, 14.02. HRMS-ESI (m/z): [M+H-I] calcd for C16H22N, 228.1752; found, 
228.1756. 
 
Synthesis 3',3'-dimethyl-6-nitro-1'-(pent-4-en-1-yl)spiro[chromene-2,2'-indolin]-8-ol (5) 
A round-bottom flask equipped with a condenser, and N2 inlet adapter was charged with 3 (0.89 
g, 2.5 mmol, 1 eq), 4 (0.46 g, 2.5 mmol, 1 eq), and 6 ml of acetonitrile. Then, triethylamine (0.37 
ml, 2.63 mmol, 1.05 eq) was added and heated to reflux at 100 °C for 4 h. Once the solution was 
cooled to room temperature, the flask wrapped with aluminum foil kept in a freezer overnight. The 
precipitate was filtered and washed with minimum amount of cold acetonitrile, followed by drying 
at 40 °C in a high vacuum oven. 5 was collected as red needles (0.41 g, 1 mmol, 40%). 
1H NMR (500 MHz, d6-DMSO, HCl(g)) δ 8.58 (d, J = 2.7 Hz, 1H), 8.53 (d, J = 16.4 Hz, 1H), 8.02 
– 7.97 (m, 1H), 7.92 (d, J = 2.5 Hz, 2H), 7.68 – 7.62 (m, 2H), 7.10 (dd, J = 8.8, 7.4 Hz, 1H), 6.00 
– 5.76 (m, 1H), 5.17 – 4.91 (m, 2H), 4.65 (t, J = 7.6 Hz, 2H), 2.23 (t, J = 7.2 Hz, 2H), 1.98 (t, J = 
7.5 Hz, 2H), 1.79 (s, 6H). 13C NMR (126 MHz, d6-DMSO, HCl(g)) δ 219.86, 191.94, 185.66, 
184.20, 181.45, 178.39, 177.20, 174.78, 167.26, 166.84, 160.77, 158.37, 154.99, 153.67, 153.07, 
151.89, 149.89, 89.98, 84.22, 67.65, 64.78, 63.58. HRMS-ESI (m/z): [M+H] calcd for 
C23H25N2O4, 393.1814; found, 393.1814. 
 
 




















Synthesis of 3',3'-dimethyl-6-nitro-1'-(pent-4-en-1-yl)spiro[chromene-2,2'-indolin]-8-yl 2-bromo-
2-methylpropanoate (6) 
5 (600 mg, 1.53 mmol, 1 eq) and 4-dimethylaminopyridine (169 mg, 1.38 mmol, 0.9 eq) were 
dissolved in 20 ml of THF. Then, a solution of 2-bromo-2-methylpropanic anhydride (625 mg, 
1.99 mmol, 1.3 eq) in 10 ml of THF was added dropwise to the mixture and stirred overnight. The 
solvent was completely removed and the crude product was purified by column chromatography 
(0–25% EtOAc/hexane). Recrystallization from boiling hexane yielded 6 as greenish yellow 
crystals (594 mg, 1.10 mmol, 72%). 
TLC (25% EtOAc/Hexane) Rf: 0.75 (UV) 
1H NMR (500 MHz, CDCl3): δ 7.97 (d, J = 2.7 Hz, 1H), 7.91 (d, J = 2.6 Hz, 1H), 7.11 (td, J = 7.7, 
1.3 Hz, 1H), 7.06 – 7.00 (m, 1H), 6.96 (d, J = 10.5 Hz, 1H), 6.82 (td, J = 7.4, 1.0 Hz, 1H), 6.53 (d, 
J = 7.8 Hz, 1H), 5.94 (d, J = 10.4 Hz, 1H), 5.78 (ddt, J = 16.8, 10.2, 6.5 Hz, 1H), 5.04 – 4.93 (m, 
2H), 3.12 – 3.00 (m, 2H), 2.14 – 1.97 (m, 2H), 1.78 – 1.57 (m, 2H), 1.52 (s, 3H), 1.48 (s, 3H), 1.25 
(s, 5H), 1.20 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 169.15, 151.08, 147.18, 140.14, 138.06, 
137.37, 136.20, 128.37, 127.83, 121.96, 121.67, 120.48, 119.86, 119.56, 119.12, 115.18, 108.27, 
107.25, 54.02, 52.35, 43.36, 31.75, 31.41, 30.32, 30.23, 28.25, 26.09, 22.81, 19.40, 14.28. HRMS-
ESI (m/z): [M+H] calcd for C27H30N2O5Br, 541.1338; found, 541.1337. 
 
 
Scheme 5.3. Synthesis of asymmetrically functionalized spiropyran for a cross-linker. 
 
Synthesis of 3',3'-dimethyl-6-nitro-1'-(pent-4-en-1-yl)spiro[chromene-2,2'-indolin]-8-yl 
methacrylate (7) 
To a solution of 5 (400 mg, 1.02 mmol, 1 eq) and 4-dimethylaminopyridine (112 mg, 0.92 mmol, 
0.9 eq) in 10 ml of THF was added methacrylic anhydride (198 µL, 1.33 mmol, 1.3 eq) dropwise. 
The solution was stirred overnight and the solvent was completely evaporated. The crude product 
was purified by column chromatography (0–5% EtOAc/hexane) to yield 7 as a purple, viscous oil 















TLC (5% EtOAc/Hexane) Rf: 0.33 (UV) 
1H NMR (500 MHz, CDCl3): δ 7.95 (d, J = 2.6 Hz, 1H), 7.90 (d, J = 2.6 Hz, 1H), 7.10 (td, J = 7.7, 
1.3 Hz, 1H), 7.00 (dd, J = 7.2, 1.2 Hz, 1H), 6.94 (d, J = 10.4 Hz, 1H), 6.80 (td, J = 7.4, 0.9 Hz, 1H), 
6.51 (d, J = 7.7 Hz, 1H), 5.93 (d, J = 10.4 Hz, 1H), 5.87 (t, J = 1.0 Hz, 1H), 5.77 (ddt, J = 16.9, 
10.2, 6.6 Hz, 1H), 5.37 (t, J = 1.5 Hz, 1H), 5.01 (q, J = 1.7 Hz, 1H), 4.99 – 4.92 (m, 1H), 3.13 – 
2.96 (m, 2H), 2.13 – 1.97 (m, 3H), 1.75 – 1.66 (m, 1H), 1.63 (dd, J = 1.6, 1.0 Hz, 3H), 1.24 (s, 
3H), 1.20 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 165.00, 151.11, 147.00, 140.16, 138.18, 138.17, 
136.16, 134.75, 128.30, 127.59, 127.42, 121.86, 121.44, 119.97, 119.61, 119.42, 119.27, 115.08, 
107.75, 107.12, 52.12, 43.25, 31.43, 28.25, 25.90, 19.65, 17.89. HRMS-ESI (m/z): [M+H] calcd 
for C27H29N2O5, 461.2076; found, 461.2078. 
 
5.2.2.2 Pt catalyzed hydrosilylation 
 
Scheme 5.4. Synthesis of ethoxysilane functionalized spiropyran for SiO2 surface 
functionalization. 
 
General procedure for hydrosilylation of alkene-terminated spiropyran 
The alkene functionalized spiropyran was dissolved in dry toluene, followed by adding 
platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution (in xylenes, Pt ~2%, 



































under N2 for more than 2 h. The excess triethoxysilane and solvent were removed under vacuum 
to yield the desired product, which was used without further purification. 
 
Synthesis of 3',3'-dimethyl-6-nitro-1'-(5-(triethoxysilyl)pentyl)spiro[chromene-2,2'-indolin]-8-yl 
2-bromo-2-methylpropanoate (8) 
Following the general procedure, 6 (143 mg, 0.27 mmol, 1 eq) was dissolved in 5 ml of dry toluene 
and 15 µL of Pt catalyst solution was added. After an excess triethoxysilane (99 µL, 0.54 mmol, 2 
eq) was added, the mixture was further stirred for 2 h. Evaporation of all the volatile parts from 
the solution yielded a purple, viscous oil. 
1H NMR (500 MHz, CDCl3): δ 7.96 (t, J = 2.5 Hz, 1H), 7.90 (d, J = 2.6 Hz, 1H), 7.11 (tdd, J = 7.7, 
4.3, 1.3 Hz, 1H), 7.02 (dt, J = 7.4, 1.6 Hz, 1H), 6.99 – 6.92 (m, 1H), 6.81 (dddd, J = 9.6, 5.2, 2.2, 
0.9 Hz, 1H), 6.56 – 6.49 (m, 1H), 5.99 – 5.86 (m, 1H), 4.00 – 3.50 (m, 8H), 3.18 – 2.94 (m, 2H), 
2.37 – 2.04 (m, 2H), 1.64 – 1.43 (m, 8H), 1.28 – 1.15 (m, 15H), 0.75 – 0.42 (m, 2H). 13C NMR 
(126 MHz, CDCl3): δ 169.13, 151.13, 147.26, 140.09, 137.37, 136.18, 128.29, 127.81, 122.01, 
121.62, 120.46, 119.74, 119.56, 119.08, 108.34, 107.21, 58.47, 54.04, 52.32, 43.77, 30.84, 30.32, 
30.23, 28.76, 26.11, 22.80, 19.40, 18.47, 10.60. HRMS-ESI (m/z): [M+H] calcd for 
C33H46N2O8BrSi, 705.2207; found, 705.2205. 
 
Synthesis of 3',3'-dimethyl-6-nitro-1'-(5-(triethoxysilyl)pentyl)spiro[chromene-2,2'-indolin]-8-yl 
methacrylate (9) 
Following the general procedure, 7 (100 mg, 0.22 mmol, 1 eq) was dissolved in 5 ml of dry toluene 
and 15 µL of Pt catalyst solution was added. After triethoxysilane (60 µL, 0.33 mmol, 1.5 eq) was 
added, the mixture was further stirred for 2 h. Evaporation of all the volatile parts from the solution 
yielded a purple, viscous oil. 
1H NMR (500 MHz, CDCl3): δ 7.94 (d, J = 2.6 Hz, 1H), 7.89 (d, J = 2.6 Hz, 1H), 7.10 (td, J = 7.7, 
1.3 Hz, 1H), 7.00 (dd, J = 7.3, 1.3 Hz, 1H), 6.94 (d, J = 10.4 Hz, 1H), 6.79 (td, J = 7.4, 0.9 Hz, 1H), 
6.50 (d, J = 7.8 Hz, 1H), 5.93 (d, J = 10.4 Hz, 1H), 5.89 – 5.84 (m, 1H), 5.38 – 5.34 (m, 1H), 3.79 
(q, J = 7.0 Hz, 6H), 3.11 – 2.96 (m, 2H), 1.62 (dd, J = 1.6, 1.0 Hz, 3H), 1.27 – 1.16 (m, 20H), 0.66 
– 0.52 (m, 2H). 13C NMR (126 MHz, CDCl3): δ 164.99, 151.17, 147.10, 140.10, 138.18, 136.15, 
134.76, 128.22, 127.56, 127.37, 121.90, 121.38, 119.95, 119.49, 119.43, 119.22, 107.82, 107.09, 
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58.46, 52.11, 43.66, 30.86, 28.75, 25.93, 22.81, 19.61, 18.46, 17.88, 10.60. HRMS-ESI (m/z): 
[M+H] calcd for C33H45N2O8Si, 625.2945; found, 625.2939.  
 
5.2.2.3 Synthesis of control SPs 
  
Scheme 5.5. Synthesis of mechanically inactive spiropyran initiator for SiO2 surface 
functionalization 
 
Synthesis of 5-hydroxy-2,3,3-trimethyl-1-(pent-4-en-1-yl)-3H-indol-1-ium iodide (10) 
A round-bottom flask equipped with a condenser was charged with 2,3,3-trimethyl-3H-indol-5-ol 
(1 g, 5.7 mmol, 1 eq) and 10 ml of acetonitrile under N2 atmosphere. 5-iodo-pent-1-ene (0.93 ml, 
7.4 mmol, 1.3 eq) was added to the solution and stirred at reflux (95 °C) overnight. After the 















































washed with toluene and dried under vacuum to yield 10 as purple powders (1.69 g, 4.5 mmol, 
79%).  
1H NMR (500 MHz, d6-DMSO) δ 10.28 (s, 1H), 7.77 (d, J = 8.8 Hz, 1H), 7.17 (d, J = 23.2 Hz, 
1H), 6.95 (d, J = 8.9 Hz, 1H), 5.85 (ddt, J = 17.0, 11.8, 7.0 Hz, 1H), 5.05 (dd, J = 30.6, 13.8 Hz, 
2H), 4.56 – 4.22 (m, 2H), 2.76 (s, 3H), 2.30 – 2.11 (m, 2H), 1.99 – 1.83 (m, 2H), 1.48 (s, 6H). 13C 
NMR (126 MHz, d6-DMSO) δ 192.32, 159.03, 144.02, 137.13, 132.98, 116.47, 115.83, 115.20, 
110.47, 53.68, 47.15, 29.87, 26.28, 22.17, 13.80. HRMS-ESI (m/z): [M+H-I] calcd for C16H22NO, 
244.1701; found, 244.1708. 
 
Synthesis of 3',3'-dimethyl-6-nitro-1'-(pent-4-en-1-yl)spiro[chromene-2,2'-indolin]-5'-ol (11) 
A round-bottom flask equipped with a condenser, and N2 inlet adapter was charged with 10 (0.74 
g, 2.0 mmol, 1 eq), 2-hydroxy-5-nitrobenzaldehyde (0.33 g, 2.0 mmol, 1 eq), and 8 ml of 
anhydrous ethanol. Then, piperidine (0.21 ml, 2.1 mmol, 1.05 eq) was added and heated to reflux 
at 80 °C for 3h. Once the solution was cooled to room temperature, the flask wrapped with 
aluminum foil kept in a freezer overnight. The precipitate was isolated and washed with minimum 
amount of cold ethanol. After drying at 40 °C in a high vacuum oven, 11 was collected as dark 
green powders (0.48 g, 1.21 mmol, 61%). 
1H NMR (500 MHz, d6-DMSO, HCl(g)) δ 8.98 (d, J = 2.8 Hz, 1H), 8.35 (d, J = 16.4 Hz, 1H), 8.27 
(dd, J = 9.2, 2.8 Hz, 1H), 7.89 (d, J = 16.5 Hz, 1H), 7.80 (d, J = 8.8 Hz, 1H), 7.44 (d, J = 9.2 Hz, 
1H), 7.25 (d, J = 2.3 Hz, 1H), 7.06 (dd, J = 8.7, 2.3 Hz, 1H), 5.87 (ddt, J = 16.8, 10.2, 6.4 Hz, 1H), 
5.15 – 5.01 (m, 2H), 4.58 (t, J = 7.6 Hz, 2H), 2.29 – 2.14 (m, 2H), 1.97 (qd, J = 7.0, 6.0, 3.9 Hz, 
2H), 1.75 (s, 6H). 13C NMR (126 MHz, d6-DMSO, HCl(g)) δ 178.59, 164.25, 159.97, 146.37, 
145.03, 140.03, 137.04, 132.71, 128.78, 127.36, 121.49, 117.38, 116.75, 116.16, 116.01, 114.87, 
110.06, 51.94, 46.57, 30.01, 27.28, 25.97. HRMS-ESI (m/z): [M+H] calcd for C23H25N2O4, 
393.1814; found, 393.1809. 
 
Synthesis of 3',3'-dimethyl-6-nitro-1'-(pent-4-en-1-yl)spiro[chromene-2,2'-indolin]-5'-yl 2-
bromo-2-methylpropanoate (12) 
11 (120 mg, 0.31 mmol, 1 eq) and 4-dimethylaminopyridine (34 mg, 0.28 mmol, 0.9 eq) were 
dissolved in 5 ml of THF. Then, a solution of 2-bromo-2-methylpropanic anhydride (125 mg, 0.40 
mmol, 1.3 eq) in 2 ml of THF was added dropwise to the mixture and stirred overnight. The solvent 
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was completely removed and the crude product was purified by column chromatography (0–50% 
EtOAc/hexane). Recrystallization from boiling hexane with minimum amount of THF yielded 12 
as yellow crystals (151 mg, 0.28 mmol, 91%). 
TLC (50% EtOAc/Hexane) Rf: 0.82 (UV) 
1H NMR (500 MHz, CDCl3): δ 8.05 (dd, J = 8.9, 2.7 Hz, 1H), 8.02 (d, J = 2.7 Hz, 1H), 6.97 – 6.90 
(m, 2H), 6.87 (d, J = 2.4 Hz, 1H), 6.77 (d, J = 8.9 Hz, 1H), 6.54 (d, J = 8.3 Hz, 1H), 5.87 (d, J = 
10.3 Hz, 1H), 5.84 – 5.73 (m, 1H), 5.07 – 4.95 (m, 2H), 3.26 – 3.09 (m, 2H), 2.10 (s, 6H), 1.92 – 
1.85 (m, 1H), 1.84 – 1.60 (m, 2H), 1.57 (s, 1H), 1.29 (s, 3H), 1.22 (s, 3H). 13C NMR (126 MHz, 
CDCl3): δ 171.04, 159.59, 145.22, 144.07, 141.15, 137.90, 137.36, 128.45, 126.12, 122.88, 121.76, 
119.79, 118.53, 115.69, 115.32, 115.22, 107.10, 106.74, 55.78, 52.82, 43.49, 31.43, 30.87, 28.10, 
25.98, 19.90. HRMS-ESI (m/z): [M+H] calcd for C27H30N2O5Br, 541.1338; found, 541.1351. 
 
Synthesis of 3',3'-dimethyl-6-nitro-1'-(5-(triethoxysilyl)pentyl)spiro[chromene-2,2'-indolin]-5'-yl 
2-bromo-2-methylpropanoate (13) 
Following the general procedure for the hydrosilylation, 12 (96 mg, 0.18 mmol, 1 eq) was 
dissolved in 3 ml of dry toluene and 15 µL of Pt catalyst solution was added. After triethoxysilane 
(65 µL, 0.36 mmol, 2 eq) was added, the mixture was further stirred for 2 h. Evaporation of all the 
volatile parts from the solution yielded a purple, viscous oil. 
1H NMR (500 MHz, CDCl3): δ 8.02 (ddd, J = 8.9, 2.7, 1.2 Hz, 1H), 7.99 (q, J = 2.7, 2.0 Hz, 1H), 
6.94 – 6.86 (m, 2H), 6.84 (td, J = 2.4, 1.0 Hz, 1H), 6.74 (d, J = 8.9 Hz, 1H), 6.51 (ddd, J = 8.4, 2.8, 
1.1 Hz, 1H), 5.92 – 5.74 (m, 1H), 3.98 – 3.69 (m, 7H), 3.25 – 2.95 (m, 1H), 2.07 (d, J = 1.1 Hz, 
6H), 1.73 – 1.47 (m, 2H), 1.44 – 1.03 (m, 19H), 0.68 – 0.44 (m, 2H). 13C NMR (126 MHz, CDCl3): 
δ 171.05, 159.60, 145.32, 143.91, 141.02, 137.31, 128.36, 126.08, 122.86, 121.80, 119.74, 118.50, 
115.66, 115.15, 107.12, 106.68, 58.46, 55.78, 52.79, 43.95, 30.84, 28.66, 25.93, 22.77, 19.87, 





Scheme 5.6. Synthesis of mechanically inactive spiropyran cross-linker for SiO2 surface 
functionalization 
 
Synthesis of 3',3'-dimethyl-6-nitro-1'-(pent-4-en-1-yl)spiro[chromene-2,2'-indolin]-5'-yl 
methacrylate (14) 
To a solution of 11 (200 mg, 0.51 mmol, 1 eq) and 4-dimethylaminopyridine (56 mg, 0.46 mmol, 
0.9 eq) in 5 ml of THF was added methacrylic anhydride (99 µL, 0.66 mmol, 1.3 eq) dropwise. 
The solution was stirred overnight and the solvent was completely evaporated. The crude product 
was purified by column chromatography (0–50% EtOAc/hexane) to yield 14 as a yellowish 
powder (120 mg, 0.26 mmol, 51%). 
TLC (50% EtOAc/Hexane) Rf: 0.5 (UV) 
1H NMR (500 MHz, CDCl3): δ 8.03 (dd, J = 8.9, 2.7 Hz, 1H), 8.00 (d, J = 2.6 Hz, 1H), 6.91 (d, J 
= 2.3 Hz, 1H), 6.90 – 6.88 (m, 1H), 6.85 (d, J = 2.4 Hz, 1H), 6.75 (d, J = 8.9 Hz, 1H), 6.52 (d, J = 
8.3 Hz, 1H), 6.34 (t, J = 1.2 Hz, 1H), 5.85 (d, J = 10.4 Hz, 1H), 5.81 – 5.71 (m, 2H), 5.04 – 4.93 
(m, 2H), 3.23 – 3.06 (m, 2H), 2.16 – 1.98 (m, 5H), 1.82 – 1.59 (m, 2H), 1.25 (s, 3H), 1.19 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 166.70, 159.65, 144.93, 144.12, 141.03, 137.94, 137.22, 136.17, 
128.39, 127.10, 126.10, 122.87, 121.84, 120.30, 118.51, 115.82, 115.69, 115.28, 107.12, 106.76, 
52.80, 43.49, 31.44, 28.07, 25.99, 19.90, 18.63. HRMS-ESI (m/z): [M+H] calcd for C27H29N2O5, 




























Synthesis of 3',3'-dimethyl-6-nitro-1'-(5-(triethoxysilyl)pentyl)spiro[chromene-2,2'-indolin]-5'-yl 
methacrylate (15) 
Following the general procedure for the hydrosilylation, 14 (60 mg, 0.13 mmol, 1 eq) was 
dissolved in 5 ml of dry toluene and 15 µL of Pt catalyst solution was added. After triethoxysilane 
(72 µL, 0.39 mmol, 3 eq) was added, the mixture was further stirred for 2 h. Evaporation of all the 
volatile parts from the solution yielded a yellowish brown oil. 
1H NMR (500 MHz, CDCl3): δ 8.02 (dd, J = 9.0, 2.7 Hz, 1H), 7.99 (d, J = 2.8 Hz, 1H), 6.91 – 6.88 
(m, 2H), 6.84 (d, J = 2.3 Hz, 1H), 6.75 (d, J = 9.0 Hz, 1H), 6.51 (d, J = 8.3 Hz, 1H), 6.35 – 6.31 
(m, 1H), 5.84 (d, J = 10.3 Hz, 1H), 5.74 (t, J = 1.5 Hz, 1H), 3.79 (q, J = 7.0 Hz, 6H), 3.21 – 3.03 
(m, 2H), 2.07 (t, J = 1.3 Hz, 4H), 1.71 – 1.48 (m, 3H), 1.39 (ddd, J = 7.7, 5.2, 2.5 Hz, 1H), 1.36 – 
1.11 (m, 17H), 0.65 – 0.52 (m, 2H). 13C NMR (126 MHz, CDCl3): δ 166.72, 159.71, 145.03, 
144.05, 140.99, 137.20, 136.19, 128.30, 127.08, 126.07, 122.85, 121.91, 120.28, 118.52, 115.77, 
115.68, 107.17, 106.72, 58.47, 52.81, 52.79, 43.97, 30.87, 28.68, 26.01, 22.77, 19.90, 18.63, 18.46, 
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Synthesis of 3',3'-dimethyl-6-nitro-1'-(pent-4-en-1-yl)spiro[chromene-2,2'-indoline] (16) 
A round-bottom flask equipped with a condenser, and N2 inlet adapter was charged with 3 (0.36 
g, 1.0 mmol, 1 eq), 2-hydroxy-5-nitrobenzaldehyde (0.17 g, 1.0 mmol, 1 eq), and 5 ml of 
anhydrous ethanol. Then, piperidine (0.10 ml, 1.05 mmol, 1.05 eq) was added and heated to reflux 
at 80 °C for 3h. Once the solution was cooled to room temperature, the flask wrapped with 
aluminum foil kept in a freezer overnight. The precipitate was filtered and washed with minimum 
amount of cold ethanol. After drying at 40 °C in a high vacuum oven, 16 was collected as a light 
green powder (0.48 g, 1.21 mmol, 61%). 
1H NMR (500 MHz, CDCl3) δ 8.07 – 7.92 (m, 2H), 7.19 (td, J = 7.6, 1.3 Hz, 1H), 7.09 (dd, J = 
7.3, 1.3 Hz, 1H), 6.94 – 6.84 (m, 2H), 6.74 (d, J = 8.8 Hz, 1H), 6.58 (d, J = 7.8 Hz, 1H), 5.86 (d, J 
= 10.4 Hz, 1H), 5.77 (ddt, J = 16.9, 10.2, 6.5 Hz, 1H), 5.04 – 4.92 (m, 2H), 3.27 – 3.08 (m, 2H), 
2.16 – 1.98 (m, 2H), 1.82 – 1.58 (m, 2H), 1.28 (s, 3H), 1.18 (s, 3H). 13C NMR (126 MHz, CDCl3) 
δ 159.80, 147.21, 141.04, 138.01, 136.07, 128.26, 127.88, 126.02, 122.84, 122.16, 121.83, 119.50, 
118.62, 115.69, 115.22, 106.87, 106.84, 52.80, 43.36, 31.48, 28.21, 26.16, 20.00. HRMS-ESI 
(m/z): [M+H] calcd for C23H25N2O3, 377.1865; found, 377.1862. 
 
Synthesis of 3',3'-dimethyl-6-nitro-1'-(5-(triethoxysilyl)pentyl)spiro[chromene-2,2'-indolin]-5'-yl 
methacrylate (17) 
Following the general procedure for the hydrosilylation, 16 (49 mg, 0.13 mmol, 1 eq) was 
dissolved in 5 ml of dry toluene and 20 µL of Pt catalyst solution was added. After triethoxysilane 
(72 µL, 0.39 mmol, 3 eq) was added, the mixture was further stirred for 2 h. Evaporation of all the 
volatile parts from the solution yielded a yellow powder. 
1H NMR (500 MHz, CDCl3): δ 8.04 – 7.96 (m, 2H), 7.21 – 7.15 (m, 1H), 7.08 (dt, J = 7.2, 1.6 Hz, 
1H), 6.94 – 6.82 (m, 2H), 6.77 – 6.71 (m, 1H), 6.57 (dd, J = 7.7, 3.2 Hz, 1H), 5.89 – 5.81 (m, 1H), 
3.94 – 3.71 (m, 6H), 3.26 – 3.05 (m, 2H), 2.34 (d, J = 19.7 Hz, 1H), 1.68 – 1.58 (m, 1H), 1.29 – 
1.14 (m, 19H), 0.71 – 0.47 (m, 2H). 13C NMR (126 MHz, CDCl3): δ 159.84, 147.28, 140.91, 
136.01, 129.16, 128.17, 127.85, 125.98, 122.81, 122.18, 121.77, 119.35, 118.59, 115.66, 106.89, 
59.29, 58.45, 52.76, 43.86, 32.24, 30.88, 28.75, 26.10, 22.77, 19.96, 18.45, 18.26, 18.13, 10.53. 
HRMS-ESI (m/z): [M+H] calcd for C29H41N2O6Si, 541.2734; found, 541.2739. 
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5.2.2.4 Di-functionalized mechanically active SP (MA-SP-MA) 
 
Scheme 12. Synthesis of di-functionalized spiropyran for cross-linkers 
 
Synthesis of 1'-(2-hydroxyethyl)-3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-8-ol (18) 
Dihydroxy spiropyrans were synthesized following a similar procedure by Gossweiler et al.12 
1H NMR (500 MHz, d6-DMSO): δ 8.55 (d, J = 2.7 Hz, 1H), 8.52 (d, J = 16.6 Hz, 1H), 8.00 – 7.93 
(m, 2H), 7.93 – 7.87 (m, 2H), 7.67 – 7.61 (m, 2H), 4.82 (t, J = 5.0 Hz, 2H), 3.91 (t, J = 5.0 Hz, 
2H), 1.80 (s, 6H). 13C NMR (126 MHz, d6-DMSO): δ 183.31, 153.66, 146.48, 146.33, 143.73, 
140.93, 139.71, 129.50, 128.99, 122.96, 120.96, 115.96, 115.78, 115.02, 112.24, 58.47, 52.40, 
49.67, 26.18. HRMS-ESI (m/z): [M+H] calcd for C20H21N2O5, 369.1450; found, 369.1439. 
 
Synthesis of 2-(8-(methacryloyloxy)-3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-
yl)ethyl methacrylate (19) 
To a solution of 18 (600 mg, 1.62 mmol, 1 eq) and 4-dimethylaminopyridine (360 mg, 2.94 mmol, 
1.8 eq) in 24ml of THF was added methacrylic anhydride (624 µL, 4.2 mmol, 2.6 eq) dropwise. 
After stirring for 5 hours at room temperature, the reaction was quenched with 0.5 ml of methanol. 
The crude mixture was passed through a plug of basic alumina and eluted from the column with 
dichloromethane. The solution was concentrated and yielded a viscous purple oil. The oil was 
further dried under high vacuum and subsequently recrystallized from boiling hexane to yield as a 
yellow crystal (330 mg, 0.65 mmol, 40%). 
TLC (Methylene chloride) Rf: 0.70 (UV) 
1H NMR (500 MHz, CDCl3): δ 7.95 (d, J = 2.7 Hz, 1H), 7.90 (t, J = 2.8 Hz, 1H), 7.12 (td, J = 7.6, 
1.3 Hz, 1H), 7.01 (d, J = 7.1 Hz, 1H), 6.96 (d, J = 10.4 Hz, 1H), 6.83 (t, J = 7.3 Hz, 1H), 6.62 (d, 
J = 7.7 Hz, 1H), 6.07 (d, J = 5.6 Hz, 1H), 5.94 (d, J = 10.4 Hz, 1H), 5.87 (d, J = 5.5 Hz, 1H), 5.58 
















J = 5.5 Hz, 3H), 1.61 (d, J = 5.3 Hz, 3H), 1.21 (dd, J = 34.4, 5.4 Hz, 6H). 13C NMR (126 MHz, 
CDCl3): δ 167.31, 164.91, 150.92, 146.64, 140.62, 138.36, 136.46, 136.07, 134.91, 128.50, 127.76, 
127.29, 125.73, 121.65, 121.58, 120.21, 119.99, 119.45, 119.38, 107.47, 107.19, 62.89, 52.32, 
42.69, 25.90, 19.60, 18.42, 17.82. HRMS-ESI (m/z): [M+H] calcd for C28H29N2O7, 505.1975; found, 
505.1972. 
 
5.2.3 Surface functionalization of SiO2 particles 
A representative procedure is utilized for surface functionalization of SiO2 with spiropyran SET-
LRP initiators. 665 mg of SiO2 solution (MEK-ST, 10–15nm, 30 wt% in Methyl ether ketone) was 
diluted with 5 ml of toluene and sonicated for 10 min to get a stable dispersion. Then, 0.4 ml of 
triethylamine was added to the SiO2 dispersion. Triethoxysilane functionalized SP (0.27 mmol) 
was re-dissolved in 2 ml of toluene and transferred dropwise to the SiO2 dispersion. After stirring 
overnight at room temperature, the functionalized SiO2 particles were separated by centrifugation 
(IEC Multi centrifuge, Thermo Electron Corp., 5000 rpm, 5 min), followed by multiple washing 
(with toluene)/centrifugation cycles. Then, the powder was dried in vacuum and collected for 
further polymerization. 
 
5.2.4 Surface-initiated polymerization of PMA from SPs-functionalized SiO2 particles 
In a typical reaction, a Schlenk flask was charged with 50 mg of bromine-functionalized SiO2 
particle and 4 cm of copper(0) wire  under N2 atmosphere. 1 ml of DMSO was added to the flask 
and additional sonication was performed to disperse the SiO2. Then, 1 ml of methyl acrylate and 
16 µL of Me6TREN were injected, followed by three cycles of freeze-pump-thaw. After the flask 
was filled with N2, the solution was stirred in a water bath for 2 h. The viscous solution was diluted 
with small amount of THF and precipitated in cold MeOH to yield polymer-grafted SiO2 particles. 
The polymer composites were further dried in a vacuum oven at 80 °C overnight to remove residual 
solvents. Control samples were prepared in the same manner. 
 
5.2.5 Fabrication of composites from linear PMA and SP functionalized SiO2 
Pristine PMA synthesized by SET-LRP from ethyl α-bromoisobutyrate (Mn = 218 kg mol-1, Đ = 
1.15) was dissolved in methyl ether ketone. In a separate vial, the SP functionalized particles were 
dispersed in methyl ether ketone. Then, two solutions were combined and stirred for at least 18 h. 
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The weight fraction of pure SiO2 in the composite solution was set to 8 wt%. The final dispersion 
was poured on a Teflon sheet and dried in a vacuum oven at 80 °C overnight. The dried polymer 
composite was molded into tensile dog-bone samples (gage length: 5 mm; width: 2 mm; thickness: 
0.5 mm) via compression molding. 
 
5.2.6 Synthesis of cross-linked polymers 
5.2.6.1 Cross-linked polymerization of PMA with SP-functionalized SiO2 particles 
The cross-linked reaction was conducted in a pre-made glass mold made from sandwiching 
silicone between two glass sheets. The glass mold was thoroughly flushed with N2 to remove any 
oxygen in the environment. Typically, benzoyl peroxide (16.96 mg, 0.07 mmol, 1 eq), 
methacrylate functionalized SiO2 particles (30 mg) were combined in a sealed vial and several 
cycles of vacuum purging and backfilling with N2 were conducted. Then, methyl acrylate (2 ml, 
22.21 mmol, 336 eq) was added to the vial and the solution was sonicated until it became a well-
dispersed solution. Ethylene glycol dimethacrylate (35.49 µL, 0.19 mmol, 2.69 eq) and N,N-
dimethylaniline (4 µL, 0.032 mmol, 0.45 eq) were added to the vial and sonicated. The final 
mixture was injected the glass molds while flushing with N2 in a zip-lock bag. The sealed bag 
containing the glass mold kept in the freezer. After at least 12 h, the samples were removed from 
the mold and washed with methanol to remove residual monomers. The final films were dried in 
a vacuum oven and laser cut into dog-bone shaped specimens (gage length: 5 mm; width: 2 mm; 
thickness: 0.7 mm). Control samples were prepared in the same manner. 
 
5.2.6.2 Cross-linked polymerization of poly(methyl acrylate)with SP 
The glass mold was prepared from the same method described in 5.2.6.1. 
 Typically, the cross-linked PMA (0.5 mol%) containing spiropyran at the interfaces (I-SP) in 
the composite was prepared by following methods. Benzoyl peroxide (16.96 mg, 0.07 mmol, 1 
eq), methacrylate functionalized SiO2 particles (SiO2@SP-MA, 30 mg, 1.3 × 10-3 mmol of SP-
MA attached) were combined in a sealed vial and several cycles of vacuum purging and backfilling 
with N2 were conducted. Then, methyl acrylate (2 ml, 22.21 mmol, 336 eq) was added to the vial 
and the solution was sonicated until it became a well-dispersed solution. Ethylene glycol 
dimethacrylate (22 µL, 0.12 mmol, 1.68 eq) and N,N-dimethylaniline (4 µL, 0.032 mmol, 0.45 eq) 
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were added to the vial and sonicated. The final mixture was injected the glass molds while flushing 
with N2 in a zip-lock bag. The sealed bag containing the glass mold kept in the freezer. 
 The cross-linked PMA (0.5 mol%) containing SP at the PMA matrix was fabricated using the 
similar method. Benzoyl peroxide (16.96 mg, 0.07 mmol, 1 eq), methacrylate functionalized SiO2 
particles (SiO2@Ctrl-MA, 30 mg), and MA-SP-MA (1 mg, 1.3 × 10-3 mmol, the same amount of 
I-SP that was determined by TGA) were combined in a sealed vial and several cycles of vacuum 
purging and backfilling with N2 were conducted. Then, methyl acrylate (2 ml, 22.21 mmol, 336 
eq) was added to the vial and the solution was sonicated until it became a well-dispersed solution. 
Ethylene glycol dimethacrylate (21 µL, 0.11 mmol, 1.68 eq) and N,N-dimethylaniline (4 µL, 0.032 
mmol, 0.45 eq) were added to the vial and sonicated. The final mixture was injected to the glass 
molds while flushing with N2 in a zip-lock bag. After at least 12 h, the samples were removed from 
the mold and washed with methanol to remove residual monomers. The final films were dried in 
a vacuum oven and laser cut into dog-bone shaped specimens. 
 
5.2.7 Calculation of grafting density 
To get the grafting density of PMA on the SiO2, the weight percent of grafted PMA (x) and SiO2 
(y) were determined using thermogravimetric analysis. Thermal gravimetric analysis (TGA) was 
performed using TA instrument Q500 under a nitrogen atmosphere (Flow rate: 90.0 ml/min). 5–
10 mg of a sample in a platinum pan was equilibrated at 40 °C and the temperature was ramped 
up to 800 °C at a rate of 20 °C/min. Also, the molecular weight and dispersity of grafted PMA was 
characterized by GPC after removing SiO2 with HF treatment  
 The grafting density of PMA was calculated as follow, which is similar with the method 
described by Li et al.101 Assuming SiO2 nanoparticle is a sphere whose average radius (r) is 6.25 
× 10-9 m and density (d) is 2.07 × 103 kg/m3, the number of SiO2 particles (NSiO2) is represented, 
   
 
The total surface area of SiO2 particles (S) is, 
   
 
The number of polymer chains (NPMA) is,  
 
NSiO2 =
Total weight of silica






S = NSiO2 × 4πr
2
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where Mn is number-averaged molecular weight and Na is the Avogadro constant. 
Finally, the grafting density (GD) is calculated by dividing the total surface area of SiO2 (S) with 
the total number of polymer chains (NPMA). 
 23  
The samples used for the solution activation and composite fabrication have the grafting density 
of 0.011 chains/nm2. The samples tested for the DSC measurement have a slightly deviated 
grafting density depending on the molecular weights. 
 
5.2.8 General characterization 
Column chromatography was performed on a Biotage Isolera system using SiliCycle SiliaSep HP 
flash cartridges. NMR spectra were recorded using a Varian 500 MHz spectrometer or Carver-
Bruker 500 spectrometer. Spectra were referenced to the residual solvent peak (specify chemical 
shift used for solvents). Mass spectra were obtained from the Mass Spectrometry Laboratory, 
School of Chemical Sciences, at the University of Illinois.  
 Gel permeation chromatograph (GPC) analyses were performed with a Waters 1515 Isocratic 
HPLC pump, a Waters (2998) Photodiode Array Detector, a Waters (2414) Refractive Index 
Detector, a Waters (2707) 96-well autosampler, and a series of 4 Waters HR Styragel columns 
(7.8×300mm, HR1, HR3, HR4, and HR5) in THF at 30 °C. The instrument was calibrated with 
monodisperse polystyrene standards.  
 Differential scanning calorimetry (DSC) experiments were conducted using a TA instruments 
Q20 DSC. The ramping rate of temperature was fixed to 10 °C. At first, the samples were heated 
to 80 °C and cooled to -20 °C. Glass transition temperature (Tg) was obtained from the second 
heating cycle from -20 °C to 80 °C. 
 Ultrasound experiments were performed on a Vibra Cell 505 liquid processor with a diameter 
solid probe from Sonics and Materials. The distance between the titanium tip and bottom of the 
Suslick cell was 1 cm. The Suslick cells were made by the School of Chemical Sciences’ Glass 
Shop at the University of Illinois. UV-Vis spectra were recorded using a Shimadzu UV-2401PC. 
 Digital images of tensile specimens were taken using a digital camera (Canon G16, 7.1 
megapixel). Fluorescence images were acquired with a confocal microscope (Leica TCS SP8). 
 
NPMA =
Weight of total polymers





The surface morphologies of micron-sized SiO2s were observed with an environmental scanning 
electron microscope (ESEM, FEI Quanta FEG 450). Transmission electron microscope (TEM) 
micrographs were taken using a JEOL 2100 cryo-TEM at an accelerating voltage of 120 kV. For 
examining the cross-sectional morphology of composites, the specimen was sectioned using a 
Leica microtome Ultracut UCT and placed on copper grids. 
  Dog-bone specimens were tested with a combined mechanical and optical testing setup.23 A 
532-nm laser (0.6 mW) was used for the excitation light source for fluorescence measurements. 
The specimen was uniaxially deformed at a strain rate of 0.1 s-1 by two opposing actuators. Load 
was recorded using a 50-lb capacity load cell (Honeywell Sensotec) attached to one of the 
actuators. Excitation light was excluded by a long-pass emission filter (580 nm cutoff) and 
fluorescence images were captured with a color CCD (AVT Stingray F504c). The acquired load-
displacement data were converted to engineering stress and strain. Fluorescence intensity was 
calculated by averaging the red channel intensity of the gage section of the sample. 
 
5.3 Results 
5.3.1 SP mechanophore design 
Figure 5.1 describes the overall design for the mechanochemically active polymer nanocomposite 
materials. SP functionalized SiO2 particles containing polymer chains can be entangled or 
covalently cross-linked with the host polymeric matrix. When the composite is exposed to force 
or UV light, the colorless SP mechanophores are transformed into colored and fluorescent 




Figure 5.1. Schematics of SP incorporated SiO2 nanoparticle polymer composites. Under 
mechanical stimuli, SP at the interface between the SiO2 nanoparticles and the polymer matrix is 
transformed to MC. 
 
 Two SP mechanophores and three SP controls were designed and synthesized (103). SP 
molecules were immobilized to SiO2 particles using the silylation reaction between hydrolyzed 
triethoxysilane groups and the silanol from the surfaces of SiO2.10 Alkyl bromide functionality 
from SP (SP-Br and Ctrl-Br) to initiate linear PMA polymer at the particle surface via SET-LRP. 
For mechanically active SP-Br (5′ and 8 as the attachment points), the force is transferred to SP 
across the spiro junction through the attached polymer or chain-entanglement between the attached 
polymers and host matrix. For the di-functional controls, Ctrl-Br, the functional groups are located 
on half (indole) of the SP (1′ and 5′ as the attachment points), similar with the control SP designed 
by Davis et al.,10 so that the force is not transferred across the spiro C–O bond. SP was synthesized 
with acrylate functionality (SP-MA and Ctrl-MA) to incorporate SP by direct covalent linkages 
from a cross-linking reaction in the host polymer. A monofunctional SP control (Ctrl-0) was also 
synthesized with a triethyoxysilane group, which can be attached on the SiO2 particle surface but 



























Figure 5.2. Chemical structures of asymmetrically functionalized mechanically active SP 
mechanophores and mechanically inactive SP controls. 
 
5.3.2 SP functionalized SiO2 nanoparticles in linear PMA 
The SP functionalization of SiO2 particles was performed in a non-polar solvent (toluene) with 
organic base (triethylamine). The conventional method to increase the functionalized surface 
coverage is using ammonia as a catalyst.104 Unfortunately, the MC isomers of SP with nitro 
functionality can be easily decomposed via hydrolysis and lose photochromic behavior.105 This 
hydrolytic decomposition is accelerated at higher pH conditions. Indeed, when ammonia was 
added to the SP dissolved solution, the solution did not change its color after UV exposure, 
indicating the destruction of the SP chemical structure. Alternatively, triethylamine can promote 
the silylation reaction of SiO2 with alkoxysilanes.105 We also confirmed that the addition of 
triethylamine did not trigger the degradation of SPs in either polar (THF) or non-polar solvent 
(toluene). 
 
5.3.2.1 Characterization of functionalized nanoparticles 
Both micron-sized and nanoparticles were successfully functionalized with this improved 
functionalization method. Micron-sized particles were used exclusively to facilitate imaging. 


























































were observed after UV exposure (Figure 5.3). Only SiO2@SP particles exhibited strong red 
fluorescence signals unlike bare SiO2. 
 
 
Figure 5.3. Optical and fluorescence images of bare SiO2 and SP-functionalized SiO2 (SiO2@SP) 
after UV exposure. 
 
 For SiO2 particles functionalized with SP-Br and Ctrl-Br, linear PMA was grown at the particle 
surface using a SET-LRP method. Particles with PMA (SiO2@SP-Br-PMA) exhibited a distinct 
change in the dried morphology compared with bare SiO2, as shown in Figure 5.4 for micron-
sized particles. Successful surface initiated polymerization from SiO2 nanoparticles was confirmed 
by TEM (Figure 5.5).  
 
 
Figure 5.4. SEM images of (a) bare SiO2 particles (radius = 1 µm) and (b) functionalized particles 
with surface-initiated PMA (SiO2@SP-Br-PMA). 
((a) ((b)




Figure 5.5. TEM micrographs of (a) bare SiO2 nanoparticles (radius = 10–15 nm) and (b) 
functionalized nanoparticles with surface-initiated PMA (SiO2@SP-Br-PMA). 
 
 Following the method described by Li. et al,101, the grafting density of PMA on the SiO2 
particles was determined by TGA of the weight percent of grafted PMA (Figure 5.6a, b). Also, 
the molecular weight and dispersity of grafted PMA was characterized by removing the SiO2 with 
HF treatment (Figure 5.6c).  
 
Figure 5.6. Method to determine PMA grafting density on functionalized SiO2 particles (a) TGA 
traces of bare SiO2 (radius = 10–15 nm, black), SiO2 particles functionalized with active SP initator 
(SiO2@SP-Br, red), and surface-initiated PMA from SiO2 (SiO2@SP-Br-PMA, blue). (b) TGA 
traces of SiO2 particles functionalized with control SP initiator (SiO2@Ctrl-Br, red) and surface-
initiated PMA from SiO2 (SiO2@Ctrl-Br-PMA, blue). The amount of grown PMA was obtained 
from the weight difference between red and blue curves at 800 °C. (c) Schematics of obtaining 
free polymers from PMA attached SiO2. The molecular weight information was acquired from 
cleaved PMAs using GPC.  
((a) ((b)
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 The glass transition temperature (Tg) of a polymer is influenced by confinement effects.106,107 
When attractive interactions are present at a polymer–substrate interface, the confinement effects 
can increase the Tg of the polymer.108,109 The ester group from PMA is believed to form hydrogen 
bonds with hydroxyl groups on the SiO2,108,109 so we assume that the Tg of the attached PMA on 
the SiO2 is higher than that of free PMA if both of them have the same molecular weight. To 
confirm this behavior, we measured the Tg of attached PMA to the SiO2 and free PMA obtained 
by removing SiO2 with HF by varying the molecular weight of PMA (110). At low molecular weight 
regions, the attached polymers on the SiO2 have a higher Tg than free polymers, while this 
difference is reduced as the molecular weight increases. This difference might be related with the 
different segmental mobility of polymer depending on the distance from the attractive 
substrates.110 Since low molecular weight PMA can form a thinner layer on the SiO2, the chain 
mobility is greatly reduced by the attractive interaction from the surface. This effect can be 
minimized when the PMA form a thicker layer. The Tg dependence on molecular weight was fitted 
to the Flory-Fox equation. 
   (1) 
where Tg,∞ is the maximum Tg at a theoretical infinite molecular weight and K is polymer specific 
constant related with the chain-end free volume. In both cases, Tg,∞ is in the similar range of 20 
°C, while K value decreases in half for attached PMA indicating the reduced free volume by 
attractive interaction with SiO2. 
  
 





Figure 5.7. The glass transition temperature (Tg) of free and attached PMA. (a) Second DSC 
heating curves for free PMA (red solid lines) and attached PMA on SiO2 (blue dashed lines) with 
different molecular weights. Tg is marked by black dashed lines. (b) Tg of free PMA (red square) 
and attached PMA (blue circle). Dotted lines are fitted curves to the Flory-Fox equation. 
 
5.3.2.2 Mechanical activation of functionalized nanoparticles in solution 
We first tested the ability to mechanically activate our functionalized nanoparticles in solution 
using a well-established sonication technique.9 For sonication, Caruso et al. established that higher 
MW chains result in improved activation.111 In this work, we conducted sonication experiments 
only on our highest molecular weight of a PMA functionalized particles (277 kg mol-1). Both of 
active SiO2@SP-Br-PMA functionalized and control SiO2@Ctrl-Br-PMA particle dispersed 
solutions (2.5 mg/ml) were prepared and subjected to pulsed ultrasound.9 As shown in Figure 5.8, 
only active SiO2@SP-Br-PMA particles changed to a visible pink color after ultrasonication, 
indicating successful mechanochemical ring opening of the SP mechanophores. UV–vis spectra 
also confirmed that a new absorbance band centered at around 540 nm increased as the sonication 
time increased. Although SiO2@Ctrl-Br-PMA particles are mechanically inactive, photochromic 
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(b)
3.5 oC
9.1 oC 14.1 oC 15.8 oC 17.5 oC
10.5 oC 16.6 oC 16.9 oC
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Figure 5.8. Ultrasonic activation of SP functionalized particles (a) Digital images of SiO2@SP-
Br-PMA dispersed solution in methyl ether ketone (2.5 mg/ml). (b) UV-vis spectra of SiO2@SP-
Br-PMA dispersed solution when the pulsed sonication is applied (purple solid lines) and the UV 
light is exposed (red dashed lines). (c) Images of SiO2@Ctrl-Br-PMA dispersed solution in methyl 
ether ketone (2.5 mg/ml). (b) UV-vis spectra of SiO2@Ctrl-Br-PMA dispersed solution when the 
pulsed sonication is applied (blue solid lines) and the UV light is exposed (red dashed lines). 
 
5.3.2.3 Mechanical activation of functionalized nanoparticles in a polymer composite 
The mechanical activation of the particles in a host polymer was demonstrated by blending the SP-
functionalized particles with pristine PMA (Mn=271 kg mol-1, Đ =1.25) to make composites. We 
hypothesized that the chain entanglement between the PMA matrix and the surface initiated PMA 
on the particles can transfer force to SP at the interface, leading to color change for the 
mechanically active SP. Composites were prepared with 16% of SiO2@SP-Br-PMA or 
SiO2@Ctrl-Br-PMA nanoparticle in the linear PMA matrix and molded into tensile specimens. 
Additional control specimens were also fabricated with SiO2@Ctrl-0 particles, which had no 
surface grafted PMA and therefore no force transfer occurred to SP. The stress–deformation ratio 
curves for each sample was summarized in Figure 5.9a. As shown in Figure 5.9b, all the 
composites changed color under UV light, confirming the presence of SP. Only the composites 
containing active SiO2@SP-Br-PMA exhibited a faint color change in the gage area under 
(a) (b)
(c) (d)
Pristine Sonicated UV activated
Pristine Sonicated UV activated
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mechanical tensile loading. Because of the low grafting density of SP-Br-PMA (~0.01 
chains/nm2), an intense color change was not observed from this system. 
 
 
Figure 5.9. PMA composites containing SP-functionalized particles. (a) Stress–deformation ratio 
curves for each sample. (b) Digital images of PMA composites containing SP functionalized SiO2 
particles in the pristine condition, after UV exposure, and after failure. Only the composite 
containing mechanically active SiO2@SP-PMA exhibited color change in the gage region. 
 
5.3.3 Functionalized SiO2 particles in cross-linked PMA 
To increase the amount of SP available for mechanical activation, we investigated SiO2 particles 
functionalized with cross-linkable SP (SP-MA and Ctrl-MA). The mechanopore design and 
controls for cross-linked PMA (xPMA) are shown schematically in Figure 5.10a. An additional 
cross-linking agent, ethylene glycol dimethacrylate (EGDMA), was added to control overall cross-
linking density of xPMA. Three types of xPMA tensile specimens were fabricated containing 1.5 
wt% of active SiO2@SP-MA, SiO2@Ctrl-MA, or SiO2@Ctrl-0. As expected, only xPMA 
containing active SiO2@SP-MA particles changed color after mechanical loading. In addition, the 
active xPMA specimens generated significantly more intense color change than the linear PMA 
composites with SiO2@SP-Br-PMA particles. The xPMA specimens with control SP only 
exhibited photochromic behavior. Instead of growing linear polymers from SP initiators, cross-
linkable SPs were functionalized on SiO2 (SP-MA and Ctrl-MA) to have more SP molecules 
connected with polymer chains. The schematics for the xPMA is shown in Figure 5.10a. 
Additional cross-linking agent, EGDMA, was added to control overall cross-linking density of 
xPMA. As expected, xPMA containing active SP particles (SiO2@SP-MA) changed its color both 
under UV exposure and stretching, while xPMA incorporated with control SPs only exhibited 
photochromic behavior. In addition, the active specimens generated more intense color than the 












Figure 5.10. Cross-linked PMA composites containing SP-functionalized particles. (a) Schematics 
of cross-linked PMA (xPMA) composites containing various SP functionalized SiO2 particles. (b) 
Images of xPMA composites containing active or control SiO2 particles after application of 
mechanical force (tension) and UV light. Only active composites using SiO2@SP-MA as a cross-
linker changes color upon stretching. 
 
 The in situ activation of the xPMA specimens was further investigated using the mechanical 
and optical experimental setup described in Chapter 2. Fluorescence images were captured on 
every second while the sample was elongated at a constant strain rate (0.1 s-1). 112a-c show the 
change in stress and fluorescence intensity as a function of a deformation ratio for xPMA samples. 
With increasing deformation ratio, the fluorescence intensity began to increase only for the active 
specimen containing SiO2@SP-MA particles, confirming the mechanical activation of SP to the 
fluorescence MC form. Interestingly, depending on the characteristics of attached SPs, the 
mechanical properties of xPMA were slightly changed. Both the active SiO2@SP-MA/xPMA and 
difunctional control SiO2@Ctrl-MA/xPMA samples showed improved mechanical properties in 
terms of ultimate stress and strain compared to the sample containing the monofunctional control 
SiO2@Ctrl-0 particles that cannot form covalent linkages with the PMA matrix. Other researchers 
also confirmed that the formation of strong covalent bonds between filler and matrix enhances the 
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the highest values for the ultimate elongation and tensile strength. The increase in modulus of 
toughness can be attributed to the early breaking of intrinsically weaker bonds (C–O spiro bond in 
this system) than the main bonds that allow the materials to dissipate energy before the rupture. 
This toughening mechanism has been studied from other researchers using multiple-network gels 
and mechanophores89. 
 
Figure 5.11. Combined stress and fluorescence data as a function of deformation ratio for (a) 
SiO2@SP-MA/xPMA, (b) SiO2@Ctrl-MA/xPMA, and (c) SiO2@Ctrl-0/xPMA samples 
containing 1.5 wt% of SP functionalized SiO2 particles and 0.8 mol% of EGDMA. (d) Stress–
deformation ratio curves for active and control samples. 
 
 We further investigated the effect of the amount of SP functionalized SiO2 on the mechanical 
properties of the xPMA composites (Figure 5.12). All the samples showed increased elastic 
modulus and tensile strength when higher concentrations of SiO2 particles were incorporated. 
Similarly, active SiO2@SP-MA/xPMA samples have the highest strain to failure and tensile 
strength relative to the control SP samples. The strain energy (calculated from the area under the 
stress–strain curve) was slightly enhanced for SiO2@SP-MA specimens but was more sensitive to 













from 1.5% to 4.5% resulted in a 50% increase in strain energy. We assume that the effect of the 
mechanophores is minimized due to the significant increase in toughness by introducing more 
nanoparticles in the elastomeric composites. When the weight fraction of SP functionalized SiO2 
was tripled, about 50% of strain energy increased. 
 
 
Figure 5.12. Combined stress and fluorescence data as a function of deformation ratio for (a) 
SiO2@SP-MA/xPMA, (b) SiO2@Ctrl-MA/xPMA, and (c) SiO2@Ctrl-0/xPMA samples 
containing 4.5 wt% of SiO2 and 0.8 mol% of EGDMA. (d) Stress–deformation ratio curves for 















Figure 5.13. Comparison of strain energy among different SP functionalized SiO2 
nanocomposites. (a) Cross-linked PMA containing 1.5 wt% of SiO2 and (b) Cross-linked PMA 
containing 4.5 wt% of SiO2. 
 
5.3.4 Interfacial force-focusing effect 
We compared the mechanical reactivity of SP functionalized at the interface between the SiO2 
particles (SiO2@SP-MA) and the polymer matrix (interfacial activation) with that of SP covalently 
linked to a bulk polymer (bulk activation), shown schematically in Figure 5.14.  For interfacial 
activation, 1.5% SiO2@SP-MA particles are incorporated into xPMA as described previously. For 
the bulk activation specimens, we incorporated a difunctional MA-SP-MA mechanophore into 
xPMA. In addition, control SiO2@SP-MA particles are also incorporated into the xPMA. To 
maintain similar cross-linking density for interfacial activation and bulk activation of the xPMA 
composites, we characterized the amounts of attached SPs for active and control particles, 
SiO2@SP-MA and SiO2@Ctrl-MA, using TGA (Figure 5.15). Under the same synthetic 
conditions, the amount of attached SP was estimated as 2.5 to 3 wt%. A similar concentration of 
MA-SP-MA was incorporated in xPMA for bulk activation. The overall cross-linking density was 

















Figure 5.14. Material design for comparing the mechanical reactivity of SP at the particle/polymer 




Figure 5.15. Determination of attached SP amount on SiO2 particles: (a) TGA traces of bare SiO2 
and SiO2@SP-MA and (b) TGA traces of bare SiO2 and SiO2@Ctrl-MA 
 
 Figure 5.16 summarizes the mechanical and fluorescence responses for the interfacial 
activation and bulk activation in xPMA with different cross-linking density (0.5 mol%, 1.5 mol%, 
3.0 mol%) as a function of deformation ratio. The mechanical properties of two types of specimens 
were similar. Following the work of Beiermann et al.,23 the onset of activation was defined as the 
lowest deformation ratio with a positive slope of fluorescence intensity versus deformation ratio, 
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Figure 5.16. Combined stress and fluorescence data as a function of deformation ratio cross-linked 
PMA for (a, d, g) interfacial activation and (b, e, h) bulk activation. The overall cross-linking 
density was controlled by 0.5 mol% (a,b), 1.5mol% (d,e), and 3.0 mol% (g,h). The mechanical 
properties of all measured samples with the cross-linking density of (c) 0.5 mol%, (f) 1.5 mol%, 
(i) 3.0 mol%. Solid lines for interfacial activation and dashed lines for bulk activations. The weight 
percent of SP-functionalized particle is 1.5wt%. 
  
 For all of cross-linking cases considered, we found that more SP was mechanically activated 
when located at the interface between the filler and the polymeric matrix. The digital images taken 
after failure also revealed that more intense color was generated for interfacial activation (Figure 
5.17a). The average fluorescence intensity was calculated for each case by dividing the maximum 
fluorescence intensity by the initial fluorescence value (Figure 5.17b). Regardless of cross-linking 




Interface/0.5mol% EGDMA Bulk/0.5mol% EGDMA
Interface/1.5mol% EGDMA Bulk/1.5mol% EGDMA
Interface/3.0mol% EGDMA Bulk/3.0mol% EGDMA
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more efficient mechanical activation. In addition, interfacial SP activates at less strain than for 
bulk activation (23c).  
When load is applied to the composite, the force is concentrated at the interface between the 
filler and host matrix, leading to earlier mechanical activation for interfacial SP. Increasing cross-
linking density reduced the onset deformation ratio for both interfacial and bulk specimens. 
However, bulk activated specimens showed a more dramatic change in the onset deformation ratio 
than interfacial activated ones. We hypothesize that chain alignment (associated with larger 
activation strain) is more critical for SP directly linked to the polymer.{Beiermann:2014gb} 
Increased crosslink density leads to an increase in stiffness and reduction in the ultimate strain of 
the polymer,  ultimately leading to reduced mechanophore activation prior to failure,37,67 making 
less mechanophores activated (Figure 5.17a,b). Interestingly, there is not significant difference 
on corresponding onset stresses (the stress values at the onset deformation ratio) for interfacial and 
bulk activation. To our knowledge, this is the first time to experimentally demonstrate that 
mechanophores at the interfaces of composites activates more efficiently than mechanophore-




Figure 5.17. Comparison of mechanical activation behaviors of SPs at interface or in bulk. (a) 
Images of the tensile specimens after failure. (b) The average fluorescence ratio (The maximum 
fluorescence/the initial fluorescence intensity) of interfacial and bulk activation. The onset of (c) 
activation deformation ratio and (d) activation stress. Error bars represent one standard deviation 
of the data. 
 
5.4 Conclusion 
We demonstrated the mechanical activation of SP at the interfaces between PMA and SiO2 
nanoparticles in solution and solid states. The SP-functionalized particles in the composites can 
allow the materials to change its optical properties under strain. Furthermore, we revealed that the 
SPs located at interface are easier to mechanically activate than SPs linked to bulk polymers. This 
study opens a way to control the mechanical reactivity of mechanophores and to develop a new 
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CHAPTER 6  
SUMMARY AND FUTURE WORK 
 
6.1 Summary 
Intrinsic molecular structure and extrinsic environmental changes affecting the mechanical 
reactivity of mechanophores were studied with color-changing mechanophores. The change in 
optical properties of mechanophore-linked materials was investigated under various mechanical 
stimuli using in situ optical and mechanical testing setup. 
 First, the effect of a macroscopic stress on the kinetics of the spiropryan (SP)—merocyanine 
(MC) transition in thermoplastic polyurethanes was investigated (Chapter 2). The potential 
energy surface of the SP—MC transition started to change above a critical stress level, leading to 
increase the forward rate constants or decrease the reverse rate constants with the applied stress. 
In addition, the applied force lowers the activation energy for forward transition but increases the 
barrier for reverse reaction. 
 As an intrinsic molecular structure, regiochemical effect on mechanophore activation was 
examined by incorporating color-changing mechanophores in a rubbery matrix. Two SP isomers 
were synthesized and the formation of MC species under tensile and shear stress was evaluated 
using in situ fluorescence technique (Chapter 3). Both SP isomers were found to activate at similar 
strain and stress values for the tensile and shear tests, indicating that mechanophore activation in 
a bulk polymeric material is largely governed by the characteristic properties of the polymeric 
matrix. 
 However, SP isomers are not the best model mechanophores to study the regiochemical effect 
due to their significantly different chemical structures. Instead of SP mechanophores, six 
naphthopyran (NP) regioisomers, new candidates for color changing mechanophores, were 
synthesized and incorporated into polydimethylsiloxane matrix (Chapter 4). Under a constant 
deformation ratio, three NPs change their colors, indicating a force-triggered ring-opening reaction 
of NP. In situ absorbance measurement allows to quantifying the activated MC species from NP 
mechanophores under different stress values. The mechanical reactivity of NPs increases as the 
C–O pyran bond aligns better with the direction of the applied mechanical force along the reaction 
coordinate. When the C–O pyran bond significantly mismatches with the force direction, the NP 
molecules cannot be mechanochrimic. Furthermore, utilizing different activation kinetics of NP 
 134 
and SP mechanophores, multiple color changing materials depending on the stress levels and 
deformation rate were prepared. 
 Lastly, the phases that mechanophores are incorporated in also affect the mechanical activation 
behavior of mechanophores (Chapter 5). Compared with the SP linked to organic phases, the 
same molecules attached at the interfaces between organic and inorganic phases exhibit more 
efficient mechanical activation under tension. Not only that, the SP-functionalized particles allow 
to increase the toughness by dissipating energies from C–O bond breakage.  
 
6.2 Future work 
6.2.1 Mechanochromic sensors and actuators 
Various ways to control the mechanical reactivity of mechanophores were discovered in this study. 
Also, we found out that the applied stress level governed the color intensity from activated 
mechanophores. With this information, mechanochromic sensors can be developed that express 
different colors and change the color intensity depending on the stress level. Combinations of 
multiple color-changing mechanophores in a polymeric matrix enable to track not only the stress 
level but also the duration time of the applied stress.  
 Smart color-changing actuator is possible with the combination of mechanophores and 
ferroelectric polymer. One of the highly performed actuating material is poly(vinylidene fluoride) 
based copolymers.89 Since these polymers can be synthesized by a free radical or controlled radical 
polymerization, it is easy to incorporate difunctionalized spiropyrans with methacrylate 
functionality. The application of an electric field leads to expansion of a polymer perpendicular to 
the direction of applied filed due to a phase change in PVDF region. The added mechano-chromic 
moieties generate color gradient where the electric field is applied to the material. 
 In addition, weaved materials consist of mechanophore-linked fibril elastomers can bring about 
interesting sensors. Mechanophore-linked fibers can be easily produced from melt or 
electrospinning (for thermoplastic polymers) or molding (for thermosetting polymers). Then, we 
can make plain weave structures by placing spiropyran incorporated fibers in parallel (x-direction) 
and placing naphthopyran incorporated ones in perpendicular (y-direction). When this material is 
stretched to x-direction, only blue or purple color appears. For y-directional stretching, the orange 
yellow color appears. With bi-axial stretching, mixture of spiropyran/naphthopyran color will 
generate. From this new material design, this material can change its color by direction of stress.  
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6.2.2 Highly-toughened mechanochromic materials 
We proved that a labile bond in the mechanophore also dissipates some energy during a mechanical 
stress and increase the toughness of the material even with a very small amount of mechanophores 
(0.05 wt%). Other researchers also showed the spiropyran cross-linkers in a hydrogel enhance the 
mechanical properties significantly.42 Increase of spiropyran mechanophore concentration would 
lead to highly-toughened materials. Unfortunately, we had experienced irreversible color transition 
of spiropyran-linked polymers at higher concentration of spiropyran. At this condition, the 
spiropyrans keep in the activated merocyanine species and wouldn’t revert back to colorless forms 
by thermal heating or extensive white light bleaching. Instead, other stable mechanophores such 
as dihalocyclorpropane or benzocyclobutane can be incorporated with spiropyrans mechanophores 
as energy-dissipating species. In this mixed mechanophore system, the spiropyran serves as a 
force-detecting chromophore and the other mechanophores act as force-dissipating species. 
 
6.2.3 Flow fields or optical and magnetic tweezers to activate mechanophore-linked particles 
In this study, a new spiropyran mechanophore is developed that can be covalently attached to SiO2 
particles. These mechanophore-functionalized particles can be activated using more well-defined 
directional force that cannot be produced by ultrasound or bulk mechanical testing. 
 For instance, we can try to activate those mechanophore-linked particles in a well-designed 
flow field system. With this system, it is possible to study the effect of direction of force on the 
activation of mechanophores precisely by generating pure shear or tensile flow fields. Based on 
the single molecule force spectroscopic results of SP molecules, the force required to activate these 
molecules is around 240 pN.115,116 Unfortunately, the activation force value is too big to generate 
by Stokes traps. One possible solution is attaching a single or multiple SPs between two SiO2 
particles that enables to achieve higher force. The activation of SP is monitored by single molecular 
fluorescence imaging.115,116 
 Since it might be challenging to achieve single molecular fluorescence imaging of SP–MC 
transition, optical or magnetic tweezers can be used to track the force–displacement profile of 
spiropyran-linked particles and figure out the activation onset force value for pure tensile or shear 
stress field. Optical traps work for any dielectric particles, including SiO2 and polystyrene beads. 
The chemical structure of a SP is proposed for incorporating on SiO2 particles (117). One possible 
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limitation is that the force achieved by optical tweezers is also around 100 pN,117 which might be 
higher enough to activate SP molecules. Possible suggestion is to use other mechanophores that 
have more labile bond than spiro junction or to use electro-magnetic tweezers capable of exerting 
forces in excess of one nN. 
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